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Several harmful airborne bacteria and fungi can affect both indoor and outdoor air 
quality in tropical places. Air conditioning ducts and other air movement pipes 
provide an ideal environment with high humidity and temperature for their growth 
and recirculation in indoor air. Therefore, indoor air quality is increasingly a health 
concern worldwide, as growing number of people spend longer hours in 
air-conditioned rooms. Numerous methods have been tried to mitigate the problem of 
biological contamination in the indoor environment, including microbiological filters 
and ozone. Ultraviolet (UV) radiation with titanium dioxide (TiO2) as a photocatalyst 
is considered as the effective way to destroy biological contaminants and toxic 
chemicals as it permanently removes the contaminants from the airstreams. 
Photocatalytic oxidation using TiO2 has been reported to be capable of killing 
microorganisms such as Serratic marcescens, Escherichia coli. However, detail 
parametric studies on photocatalytic degradation of microbial substances in air are not 
available in literature. The concept is promising and further studies are needed to 
optimize the process and develop the data needed for design of full-scale installations.  
In this work, results of detail characterization of indoor and outdoor bioaerosols in 
ambient air at Singapore and fundamental studies to evaluate the kinetics of 
disinfection of biological contaminants in air with respect to different parameters are 
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                                                                       Introduction 
CHAPTER 1  
INTRODUCTION 
 
Indoor air pollution poses a greater health risk than outdoor air pollution, especially 
when buildings are inadequately ventilated. The components of indoor air pollution 
can be divided into three classes: particulate matter, chemical contaminants, and 
biological contaminants. In the first two cases, conventional technology can usually 
provide a solution by filtration and adequate ventilation. However, the problem of 
microbiological contamination is a source of health concern for the affected 
population. 
 
Biological contaminants are commonly present in the form of bioaerosols, which are 
airborne particles, large molecules or volatile material that contain living organisms or 
are released from living organisms (ACGIH, 1989).  They are major contributors to 
indoor air pollution.  More than 60 bacteria, viruses and fungi have been 
documented as infectious airborne pathogens (ACGIH, 1989).  Diseases transmitted 
via bioaerosols include tuberculosis, legionaries, influenza, colds, mumps, measles, 
rubella, small pox, aspergillosis, pneumonia, meningitis, and scarlet fever (Jacoby et 
al., 1998).  Large numbers of bioaerosols are allergens and may be responsible for 
growing incidences of asthma and other respiratory illness around the world. 
Singapore has a tropical climate that is characterized by uniformly warm temperature, 
high humidity and an abundance of rainfall throughout the year. It provides an 
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opportune environment for the growth of microorganism. In recent years, more 
regulations are being established to control the concentration of bioaerosols.  
 
A clean and safe environment is essential for the sustained and healthy development 
of the society. Numerous methods have been tried to mitigate the problem of indoor 
air pollution caused by bioaerosols. Common methods of controlling indoor air 
pollution include controlling pollution sources, increasing the air exchange rate and 
using air purifiers. However, these techniques only transfer the contaminants from one 
phase to another phase rather than eliminating them and additional disposal or 
handling steps are subsequently required (Zhao and Yang, 2002). Ozone has been 
used to remove the pollutants. It is generally believed that bacterial kill occurs 
through ozonation because of cell wall disintegration (Metcalf and Eddy, 2003).  
However, residual levels of ozone are harmful to human beings. Destructive 
technologies such as the application of Ultraviolet (UV) disinfection have experienced 
renewed interest in the recent years. UV disinfection has been used widely in the past 
to destroy biological contaminants and toxic chemicals in water (Riley and Kaufman, 
1972; Block, 1991).  
 
Although, UV radiation by itself is quite efficient for microbial degradation, use of 
photocatalysts such as TiO2 makes use of longer wavelength of UV radiation. A 
potential alternative is to make use of heterogeneous photocatalysis, an advanced 
oxidation technology that involves the use of UV-A (320 – 400 nm) radiation and a 
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photocatalyst such as titanium dioxide (TiO2).  This technology has emerged as an 
effective method for water treatment and there is a potential for it to be applied to the 
disinfection of bioaerosols. UV/TiO2 has been proposed as one of the best disinfection 
technologies, as no dangerous (carcinogenic or mutagenic) or malodorous 
halogenated compounds are formed, in contrast with other disinfection techniques, 
using halogenated reagents.  Photocatalytic oxidation using TiO2 has been reported 
to be capable of killing Serratia marcescens (Block and Goswami, 1995), Escherichia 
coli, and Lactobacillus acidophilus in water (Ireland et al., 1993; Matsunaga, 1985; 
Block and Goswami, 1995; Wei et al., 1994). 
 
Earlier studies indicate the viability of UV-photocatalysis for degradation of different 
bacteria.  However, detail parametric studies are required for continuous disinfection 
of bioaerosols. The objective of our research group is to develop an efficient 
continuous disinfection system for indoor air in an air-conditioned environment.  
Following steps are envisioned to be necessary in realizing the above objective: i) 
detail characterization of indoor air quality with respect to type and bioaerosol 
concentration, ii) determination of disinfection rate of different genre of bacteria in 
batch disinfection, and iii) development of a continuous photocatalytic reaction 
system.  The present work is one of the series of work is currently being conducted 
in our research group. The objectives of this work are:  
1. Characterization of microorganisms in ambient air at different seasons.  
2. Develop a batch UV-photocatalytic degradation system of bioaerosol initially using 
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standard microorganisms.  
3. Develop a small-scale continuous UV-photcatalytic disinfection unit including an 
efficient bioaerosol generation system.   
4. Compare the disinfection kinetics of standard bacteria from batch and continuous 
systems under different conditions.   
 
The characterization of microorganisms includes seasonal air sampling and 
identification of collected microorganisms. Latter is not presented in this thesis as the 
characterization work is not fully completed. Prior to the degradation of indoor 
bioaerosol of unknown species, it is necessary to develop a successful experimental 
and analytical protocol for both batch and continuous disinfection systems.   
Therefore, three standard bacteria namely E.coli, B.substilis and Microbacterium sp. 
were used as control microorganisms in this work. 
   
A brief discussion of the different chapters of this thesis is provided here. The first 
chapter deals with the introduction of the problem. Chapter 2 deals with the existing 
literature on the characterization of bioaerosols in indoor air, outdoor environment 
and UV disinfection processes. Experimental details are discussed in Chapter 3. 
Chapter 4 presents the results and discussions of the air sampling and UV 
photocatalytic disinfection. Chapter 5 summarizes the conclusions and provides 
recommendations for further study. 
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CHAPTER 2  
LITERATURE REVIEW 
 
Indoor air quality in the workplace has received great attention during the recent years. 
Most people living in urban areas spend between 80 and 90% of their time indoors. 
The concentrations of pollutants, such as a variety of volatile organic compounds 
(VOCs) and microorganisms, tobacco smoke, and asbestos found in indoor 
environments are often higher than those found in outdoor air.  
 
In a 1987 report, the U.S. Environmental Protection Agency (EPA) concluded that the 
public was exposed to more air pollution indoors than outdoors. Over the years, much 
research has been carried out to determine the sources and fates of chemical 
contaminants in the air.  By contrast, pollutants released by microorganisms 
(bioaerosols) have yet to receive intensive and unified focus. Although most of the 
bioaerosols are harmless constituents of normal environments, some bioaerosol 
particles may be infectious or allergens or may carry toxic or irritant components or 
metabolites (Reponen et. al., 2001). Common clinical illnesses that have been found 
to be associated with the level of bioaerosols in the environment include asthma, sick 
building syndrome (SBS) and other respiratory infections. 
 
The term bioaerosols refer to biogenic agents that are airborne (those produced by 
living organisms) in the indoor environment. Biogenic agents are living matter that 
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occurs in three forms generally known as viruses, bacteria, and fungi (Goh et al., 
2000).  
 
Singapore lies north of the Equator and has a tropical climate that is characterized by 
uniformly warm temperature, high humidity and an abundance of rainfall throughout 
the year. Because of its geographical location and maritime exposure, the diurnal 
temperature range is from a minimum of 23-26 oC and a maximum of 31-34 oC. 
Relative humidity varies from a high moisture content of more than 90% in the early 
morning to around 60% in the mid-afternoon, with a mean value of 84%. These 
climatic conditions provide a conducive environment for the growth and propagation 
of bacteria and fungi. 
 
Several studies have been conducted in various locations, both outdoors and indoors, 
to characterize the general and specific sources of bioaerosols, in order to relate the 
bioaerosol levels with the dispersal mechanisms and to evaluate the risk of infection 
in each sampling location. One such study by (Ooi et al., 1998) examined the 
occurrence of sick building syndrome and the associated risk factors in a tropical 
climate like Singapore. 2856 office workers in 56 randomly selected public and 
private sector-building were surveyed. Another indoor study was conducted in central 
library of the National University of Singapore (Goh, 1998). The study found that 
factors that influenced the level of airborne bacteria included temperature, relative 
humidity and the number of people in the building. Fungal aerosol levels were also 
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found to be dependent on the climatic conditions. The most recent study involved the 
trend of bioaerosol levels within the National University Hospital of Singapore (Lim, 
1999). The air quality in different locations of the hospital was assessed by correlating 
bioaerosol counts with conditions in each location, thus suggesting the hospital 
possible ways to reduce the bioaerosl levels by source elimination.  
 
2.1 Bioaerosols 
2.1.1 Nature of the particles 
The types of particles considered here as bioaerosols cover a very large size range: 
from viruses, which are as small as a few hundred angstroms (100 Å =0.01µm), up to 
some of the larger pollen grains, which are over 0.1 mm. The larger particles are 
called “airborne biological particles” as they are too large to act as true aerosols. 
However, due to widely accepted usage, the term “bioaerosols” is used here for all 
organisms and their emanations. Particles of biological origin, smaller than a few 
hundred micrometers are found in the air for extended periods of time and are not 
airborne via any mechanism of active flying (e.g., small insects). 
 
Bioaerosols originate from diverse sources and can serve a number of different 
functions. Some bioaerosols are viable organisms and serve as dispersal stages or 
units (e.g., fungal spores), while others function as agents for the exchange of genetic 
material (e.g., pollen). Many bioaerosols are not viable but originate from viable 
organisms (e.g., insect scales) or are metabolic products of organisms (e.g. feces). The 
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term “viable” means alive and able to grow, while “culturable” is used for viable 
organisms that can be recovered using artificial culture. Viable bioaerosols will 
interact with, and be impacted by, their environment (that is, the air) in different ways 
than nonviable biological emanations. These different particles will impact human 
health in very different ways. 
 
2.1.2 Nature of the microorganisms  
2.1.1.1 Bacteria 
Bacteria are prokaryotic (lacking an organized nucleus with a nuclear membrane), 
single-celled organisms usually less than a micrometer or two in smallest diameter 
and often much smaller. The surface structure of bacteria is more complex than that of 
animal cells, having a cytoplasmic membrane surrounded by a rigid cell wall. 
Although bacteria are single-celled organisms, they are commonly grouped into pairs 
(Diplococcus), tetrads (Micrococcus), or even long chains (Bacillus). The 
actinomycetes are a group of bacteria that form long, branched chains, which, when 
viewed microscopically, appear more like very fine fungal hyphar than bacterial cells. 
The actinomycets also produce very small (ca. 1 µm in diameter) and resistant spores. 
Most bacteria are saprobes, decomposing nonliving vegetable and animal materials or 
effluents (incomplete sentence).  
 
2.1.1.2 Fungi 
Fungi are eukaryotic organisms that belong to a kingdom distinct from plants and 
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animals. Fungi include inconspicuous yeasts, molds, and mildews, as well as large 
mushrooms, puffballs, and bracket fungi. Structurally, fungi exist as single cells such 
as yeast or, more commonly, as threadlike hyphae.  Hyphae usually branch 
extensively, and the collective mass of interwoven hyphal filaments is referred to as a 
mycelium. Depending on the species, each hypha may have many short cells, or it 
may be nonseptate with multiple nuclei existing in a common cytoplasm. While 
individual hyphae are microscopic, the mycelium is often visible to the naked eye. 
One feature of the fungi shares with plants is the presence of cell walls. The fungal 
wall, consisting of fibrils embedded in a matrix, is largely composed of 
polysaccharides (often over 90%) but also contains significant amounts of protein and 
lipid (Deacon, 1984; Ruiz-Herrera, 1991). In most fungi, the major fibrillar 
component of the cell wall is chitin; however, some fungi possess cellulose fibrils. 
The matrix, on the other hand, contains a variety of carbohydrates and proteins. 
Although chitin is considered to be the characteristic wall material, in many fungi the 
matrix polysaccharides are far more abundant. Fungi can have very complex life 
cycles, sometimes with up to five morphologically distinct spore types produced 
during a single cycle. This makes the classification of fungal sources based on 
airborne spores rather difficult. 
 
2.1.3 Biological properties of the aerosols 
It is also essential to consider the biological properties of infectious aerosols. An 
organism that does not remain virulent in the airborne state cannot cause infection, 
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regardless of how many units of the organism are deposited in a human respiratory 
tract. Among the factors that affect maintenance of virulence are relative humidity, 
(Akers et al., 1973) temperature, oxygen, pollutants such as nitrogen and sulfur oxides 
(Ehrlich and Miler, 1972), ozone, ultraviolet light (Berendt and Dorsey, 1971), and the 
“open air” factor (Donaldson and Ferris, 1975). All of these interact either 
individually or synergistically with intrinsic factors within each organism (Berendt et 
al., 1972). Unfortunately, the situation is so complex that extremely unnatural 
situations must be created to study the effects of any one environmental factor on a 
particular organism. For example, the fact that oxygen is toxic to many organisms 
means that these organisms must be aerosolized in nitrogen or other “inert” 
atmospheres to study, the effects of humidity. In addition to these complex 
relationships the methods of producing and collecting the aerosols, which are 
necessarily unnatural, affect the responses of the organisms, especially to relative 
humidity (Cox, 1987; Schaffer et al., 1976). 
 
2.1.4 Aerosol physics 
Airborne infectious particles behave physically in the same way as any other 
aerosol-containing particles of similar physical properties (i.e., density, size, 
electrostatic properties, etc.). Infectious aerosols physically change (decay) over time 
in response (for example) to gravity, electrostatic forces, impaction, and diffusion, and 
these changes are dependent on the aerodynamic sizes of the particles in the aerosols, 
and conditions within the aerosol matrix (Willeke and Baron, 1993). Understanding 
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the physical characteristics of infectious aerosols is essential for understanding how 
airborne disease transmission occurs. For example, the particle size characteristics of 
an infectious aerosol will determine how long the aerosol will remain at a 
concentration sufficient for an infective dose to be inhaled. Models that have been 
developed to describe the fate of aerosols in indoor environments should apply to 
infectious aerosols, providing sources can be adequately described. Particle size also 
determines where in the human respiratory tract the particle will land (Knight, 1973). 
 
2.1.5 Sources of bioaerosols 
2.1.5.1 Indoor prevalence 
Common substrates in the indoor environment serve as nutrient sources for 
microorganism and allow for growth and continued spore formation indoors. The 
most familiar indoor substrates include carpets (especially jute or other natural 
backings), components of upholstered furniture, soap films on shower walls, shower 
curtains, and other bathroom fixtures, wallpaper, water and scale in humidifiers, and 
soil and surfaces of containers for potted plants. HVAC systems can also serve as 
amplification and dissemination sites for fungal spores (Samson, 1985; Mahoney et 
al., 1979). Fungi have been found growing on air filters, cooling coils, and drip pans 
as well as in the ducts. Routine filter and drip-pan maintenance and control of relative 
humidity can usually prevent or minimize problems from this source. 
 
Water availability appears to be the most critical factor controlling fungal colonization 
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of indoor substrates. The extent of fungal amplification is closely related to indoor 
relative humidity (RH). Below 30% RH little interior mold growth usually occurs, 
while above 70% RH is optimal for fungal growth (Burge, 1985). High humidity 
causes moisture to condense on cool surfaces. This can be a problem in the winter 
when water condenses on cold windows and accumulates on moldings and sills to 
create a suitable habitat for fungal colonization. In addition, high humidity can allow 
hygroscopic materials such as skin scales in dust, leather, wool, etc. to absorb enough 
water to support fungal growth. Also, moisture seeping through walls, ceilings, 
basements, and concrete slabs can provide conditions suitable for fungi. In recent 
years, increased use of household amenities (washing machines, dishwashers, and 
other moisture sources) coupled with the quest for greater energy efficiency (resulting 
in tightly sealed buildings) has added to this problem. Vaporizers and some 
humidifiers exacerbate conditions by actively spraying water droplets into the air. 
Often these droplets are already contaminated with microbial propagules (Solomon, 
1976).  
 
Air cleaners, either as part of a central system or as free-standing portable units, have 
been shown to be effective at removal of indoor airborne spores, however, not all 
cleaners are equally efficient (Scherr and Peck, 1977; Kooistra et al., 1978; Nelson et 
al., 1988; Resiman et al., 1990). Air cleaners with HEPA (high—efficiency particulate 
air) filters or electrostatic precipitators are more efficient than other cleaning 
technologies (Levetin et al., 1992). 
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2.1.5.2 Outdoor prevalence 
Bioaerosol prevalence in outdoors is strongly influenced by climate and weather, 
often resulting in pronounced seasonal and diurnal cycles. Seasonal climatic changes, 
especially in temperate and subarcic areas, directly affect the growth cycles of plants, 
thereby influencing pollen and spore maturation and release cycles. Seasonal climatic 
cycles also affect plant senescence and subsequent colonization with saprophytic 
bacteria and fungi, resulting in seasonal cycles of these microorganisms. 
 
2.1.5.3 Indoor/outdoor relationships 
Unless there is an indoor source for specific bioaerosols, concentrations of bioaerosol 
indoors will generally be lower than outdoors (Hong et al., 2003). This effect is 
related to the reasons for occupying enclosures, which are designed to protect us from 
adverse weather and intrusion by vermin or other unwelcome (sometimes human) 
visitors. The outdoor aerosol penetrates interiors at rates that are dependent primarily 
on the nature of ventilation provided to the interior. Indoor/outdoor ratios of specific 
particle types (of outdoor origin) are highest (tending toward unity) for buildings with 
“natural” ventilation where windows and doors are opened to allow entry of outdoor 
air along with the entrained aerosol (Burge, 1994). As the interior space becomes 
more tightly sealed, the ratio becomes lower and lower. In homes, this sealing usually 
results in very low air exchange rates (often as low as 0.1 air changes per hour), with 
equally low penetration of outdoor aerosols. In larger buildings, since more air must 
be brought in, filtration is used to limit the entrance of aerosols. The effectiveness of 
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such filtration has not been clearly documented, but appears to be quite high. For 
many enclosures, barriers to penetration of the outdoor aerosol are intentionally 
reinforced through high-efficiency filtration and/or the use of air-conditioning, which 
allows windows and other paths of outdoor air intrusion to be tightly closed. This is 
often true for homes of people with allergies to outdoor bioaerosols. It is especially 
important for health care centers, especially where those highly susceptible to 
infections are housed (Streifel et al., 1983). Preventing the common outdoor 
opportunistic pathogens from entering and growing in buildings has proven only 
slightly easier than protecting occupants from diseases or organisms carried by other 
occupants (Noble and Clayton, 1963; Solomon et al., 1978). However, the 
effectiveness of air-conditioning, both central systems (Hirsch et al., 1978) and 
window units (Solomon et al., 1980; Pan et al., 1992), in reducing penetration of 
outdoor particles into building interiors has been documented. The possibility also 
exists that these units can become contaminated and serve as an interior source of 
microbial contamination. 
 
The answer to the question of how to determine if the airborne microorganisms in a 
building are of outdoor origin (indicating penetration) or of indoor origin (often 
indicating contamination) remains elusive. It is generally assumed that indoor 
concentrations of bioaerosols will be lower than those outdoors, except possibly for 
human-source bacteria. Although guidelines for indoor/outdoor ratios have been 
proposed (ACGIH, 1989), they must be viewed only in a very general way (Pasanen 
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et al., 1990). Numerous other factors must be taken into account when relating indoor 
and outdoor bioaerosol levels, not the least being the specific nature of the aerosol of 
concern; using only generic classification can mask species differences. Unless such 
care is taken, one is likely to falsely implicate or exonerate buildings with respect to 
microbial contamination (Holt, 1990). 
         
2.2 Analytical methods for biological agents (bioaerosols) 
2.2.1 Overview 
Methods of analysis in current use for bioaerosols include culture and microscopy 
(Muilenberg, 1989), immunoassays (Dorner et al., 1993), and the Limulus bioassay 
(Milton et al., 1992). In addition, new methods such as probes based on the 
polymerase chain reaction (PCR) (Palmer et al., 1993), gas chromatography/ mass 
spectroscopy (White, 1983; Elmroth et al., 1993; Fox et al., 1990), and other 
chromatographic techniques show promise for specific agents (Hansen, 1993). The 
method chosen depends on the bioaerosol of interest and the kind of health effect that 
is expected. It is always best to use the analytical method that most closely 
approximates the disease process. Ideal methods for selected bioaerosols are 
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Table 2.1 Analytical methods for some bioaerosols related to the disease process. 
Bioaerosol Disease Ideal analytical 
method 
 Usual analytical method 


















Note: LAL=Limulus amebocyte lysate ; HP= hypersensitivity pneumonitis. 
LAL test was first described by Lerin and Bang in 1964. The test is an in vitro assay for detection 
and quantification of bacteria endotoxin. The test may be interpreted using a gel clot, turbid metric 
or color reaction. 
 
2.2.2 Culture 
Culture is, by far, the most commonly used analytical method for assessment of 
exposure to fungi and bacteria, and the most popular air samplers (the culture-plate 
impactors) depend on culture for analysis. At present, culture is the only means by 
which the common bacteria and fungi can be accurately identified to the species level. 
Cultural analysis essentially provides information on the living organisms in a sample 
that are able to grow under the conditions provided. For each aerosol or bulk sample 
to be evaluated, a combination of conditions must be chosen that either provides the 
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broadest coverage of the most organisms or provides optimum conditions for recovery 
of a single kind of particle. There are no conditions that are optimal for both fungi and 
bacteria, and that any combination of conditions will work against some organisms. 
Conditions that can be controlled include (1) the mechanism by which the sample is 
collected; (2) characteristics of the culture medium (pH, water activity, nutrient 
content, and toxin content); (3) incubation conditions, including temperature, 
wavelengths, intensity, and patterns of exposure to light and aeration, and (4) length 
of time under these conditions. 
 
2.2.2.1 pH 
Most microorganisms grow best in pH ranges near neutrality (6.5 – 8.5). Natural 
buffers help maintain a constant pH in the organism’s microenvironment. Fungi prefer 
more acidic environments; some bacteria (e.g. Propionibacterium acnes) will tolerate 
slightly acidic pH. For bacteria, there are some exceptions. For example, acidophile is 
one kind of bacterium which grows below pH 4.0 while cyanobacteria prefer a more 
alkaline environment 
 
2.2.2.2 Nutrient content.  
Although most fungi and bacteria normally encountered in indoor air have broad 
nutrient requirements, some can utilize specialized substrates that can be used for 
selective isolation. For example, the provision of cellulose as the sole carbon source is 
suitable for those organisms that produce cellulose (e.g., S.atra, Chaetomium 
globosum, etc.) and will prevent or drastically slow the growth of many common 
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environmental isolates, including common species of Cladosporium and Alternaria. 
 
2.2.2.3 Toxin content 
Toxins designed to control specific organisms or classes of organism that might mask 
organism of interest can be added to culture medium. Various antibiotics are often 
added to fungus culture media to avoid overgrowth of bacteria (although use of low 
pH is probably sufficient in most environments). Rose Bengal is a compound that is 
toxic to bacteria (and to other organisms as well when light activated). It has been 
used in fungus culture medium to suppress bacteria as well as to limit radial growth of 
the fungi (Rogerson, 1958). Because of its overwhelming biocidal effects when light 
activated, it must be used with extreme care. Antifungal agents are also sometimes 
used (e.g., cycloheximide).  
 
2.2.2.4 Temperature 
Different microorganisms have different temperature optima as well as ranges (Table 
1.4.) at which they will grow and (for the fungi) sporulate. Temperature can be used to 
isolate for organisms with highly specific (or very broad) temperature requirements. 
For example, aspergillus fumigatus is one of the few common fungi that will grow in 
culture above 45 oC. The thermophilic actinomycetes (filamentous bacteria) require 
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Table 2.2 Optimum temperature ranges for fungi and bacteria growth 
 
 Psychrophiles Mesophiles Thermotolerant Thermophilic 
Bacteria  4-15 oC 22-37 oC 25-45 oC 45-60 oC 
Fungi 4-15 oC 15-30 oC 20-45 oC 45-60 oC 
 
2.2.2.5 Light 
Light can be irrelevant, a stimulant, or a suppressant for microorganisms, depending 
on the organism and other conditions. Clearly, some wavelengths of ultraviolet light 
are toxic for most organisms (Riley et al., 1962), although many fungi have melanized 
cell walls that provide considerable protection (Leach, 1962). For many bacteria, 
visible light is probably not important. On the other hand, light across a broad 
spectrum appears to play a role in fungal morphogenesis. Many fungi require very 
specific cycles of light and dark, in addition to specific wavelengths of light before 
sporulation (either sexual or asexual) occurs (Leach, 1962) 
 
2.2.2.6 Aeration 
As per common knowledge, nearly all fungi and bacteria commonly encountered in 
indoor air require oxygen for growth. Fungi usually do best on solid culture media, 
although most will grow on the surface of liquids. Agitation is required to induce 
subsurface fungal growth, and sporulation often does not occur within the culture 
medium. Bacteria, on the other hand, appear readily able to grow submerged in liquid, 
although surface films can also be formed, and most bacteria also do well on solid 
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The time required to produce a mature microbial colony depends on the nature of the 
organism, temperature, and other environmental conditions. For many bacteria, 
well-developed colonies are produced within 24 h at 37 oC. However, for some, more 
than 2 weeks of incubation time is required for visible colony formation (e.g., 
Mycobacterium tuberculosis). At room temperature, up to 5 days may be necessary 
for bacteria. Most fungus cultures are incubated at room temperature for at least 7 
days. Two or more weeks might be necessary for sporulation in some fungi. 
(Muilenberg, 1989) 
 
2.2.2.8 Common errors associated with cultural analysis include: 
1. Use of inappropriate culture media 
2. Too few or too many colonies on each plate: for bacteria, variance between 
duplicate culture plates appears to become minimal above about 50 colonies. 
Depending on colony size, accurate counts of bacteria can be made with 
numbers in excess of 200 to 300 colonies/ plate. For fungi, although variance 
continues to decrease, recoveries begin to decline at about 10 colonies per 
plate on malt extract agar, and inhibition becomes severe above 50 colonies. 
Culture media that limit colony diameter (e.g., DG-18) may allow accurate 
recoveries at higher colony concentrations. 
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3. Inaccurate counts: Counting errors increase with the increasing number of 
colonies on the plate and as the colony size decreases. Counting errors can be 
avoided by using low-power magnification. 
4. Inaccurate identifications: bacteria can often be identified using standardized 
“kits” that require little knowledge of bacterial taxonomy. Most of these 
commercially available methods are designed for clinical specimens, and do 
not result in identification of many environmental isolates. Identification of 
bacteria that do not fit these schemes requires extensive experience and effort, 
often including subculture onto many different kinds of media. Fungal 
identification has not been standardized, and extensive training is required for 
accurate identification. This is the major, but unavoidable, drawback of the use 
of culture for fungal analysis, and is driving the search for more automated 
methods. 
 
2.2.2.9 Summary  
The choice of culture medium is dependent upon the organism(s) of concern as there 
is no single medium upon which all fungi or bacteria will grow.  The best and most 
commonly used culture medium for airborne fungi is malt extract agar. It supports the 
growth of most viable fungal spores and is an excellent medium for identifying 
species. Species identification is sometimes important, not only for allergen 
amplification determination, but for identifying species that may have other effects. 
For example, Asergillus flavus can be deadly for immune-suppressed individuals. 
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Bacillus as well as environmental and human commensal bacteria grow well on R2Ac 
agar. Bacillus and the thermophilic actinomycetes grow on tryptic soy agar (TSA). 
Bacillus and pathogenic bacteria grow well on blood agar (BA). As different species 
grow in variable temperature ranges, the choice of medium for Bacillus may also be 
dependent upon the anticipated temperature tolerance for the bacteria under 
investigation. In an indoor air quality investigation, the most likely Bacillus to grow is 
the one which grows at room temperature. In this case, the R2Ac would be the 
medium of choice. 
 
The preferred medium for thermophilic actinomycetes is TSA. The thermophiles grow 
best at elevated temperatures as do the pathogenic bacteria. Elevated temperatures 
tend to kill and/or suppress growth of other organisms. 
 
2.2.3 Microscopy 
Microscopy relies on the existence of characteristics that allow a particle to be 
recognized visually (or by a computer based on visual characters). Microscopy is 
especially useful when total counts of some broad category (e.g., asymmetric 
basidiospores, grass pollen) are desired. In most cases, this is not adequate 
information to make close connections between a specific disease process and an 
agent. Microscopy is an extremely useful probe of monitoring technique, however, 
that allows one to recognize unusual exposure situations without reliance on 
culturability. 
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2.2.4 SEM/TEM 
Scanning (SEM) and transmission electron microscopy (TEM) provide much higher 
resolution than light microscopy. Small particles such as bacteria can be readily seen, 
and details of pollen and spore surfaces are resolved. As an aerobiological research 
tool, electron microscopy has some intriguing possibilities, although it has been rarely 
used (Geisbert et al., 1993; Eduard et al., 1990). For example, carriage of bacteria or 
nonbiological materials on larger biological particles could be examined, and antigen 
localization studies using immunostaining techniques are feasible. However, SEM 
only resovles surface characteristics, so that (for fungus spores) septations and color 
are lost, and for pollen, internal wall structures cannot be used for identification. In 
addition, the necessary preparative procedures that could easily cause loss of particles 
so that electron microscopy is limited to be used as monitoring studies. 
 
2.2.5 PCR 
The polymerase chain reaction allows large quantities of specific DNA fractions to be 
produced, and to be used as probes for very specific biological particles. Such probes 
could be used in combination with light microscopy (using fluorescent labeling), with 
SEM or TEM using an electron-detectable label, or with electrophoretic methods used 
in immunoblotting to evaluate environmental samples for specific organisms, or as 
monitoring tools for laboratory-generated aerosols. As with the immunoassays, PCR 
methods are valuable only where a very specific type of particle is of interest. For 
example, genetic probes have been produced for multiply drug-resistant strains of 
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Mycobacterium tuberculosis (Nolte et al., 1993) and for specific serotypes of 
Legionella pneumophila (Palmer et al., 1993). 
 
2.3 Air sampling 
2.3.1 Air sampling methodologies 
There are no federal government requirements for monitoring nor are there clearly 
defined methodologies for air sampling of bioaerosols. Although there have been few 
attempts by professional organizations, universities, and private firms to provide 
guidelines, the most readily accepted guidelines have been set forth by the American 
Conference of Governmental Industrial Hygienists. In this work, these guidelines are 
described in the next section.  
 
2.3.2 Choice of samplers 
When deciding whether or not a certain sampler is appropriate for a specific type of 
particle, a number of factors must be considered: particle size, particle-specific 
analytical methods available, approximate concentrations expected, periodicity in 
abundance (e.g., diurnal cycles), conditions (e.g., weather, airborne dust 
concentrations) under which sampling will be performed. Samplers generally do not 
collect all particle sizes with equal efficiency, so that the expected particle size of the 
aerosol has a large bearing on a sampler selection. Familiarity with the types of 
analytical methods that can be used to identify and quantify the recovered (desired) 
bioaerosols is essential before selecting a sampler. Actually, the first consideration 
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should always be the method of analysis to be used, since this is what determines the 
kind of information to be retrieved. The ACGIH Air Sampling Instruments Manual 
(ACGIH, 1994) provides a review of available bioaerosol samplers that specifies the 
kinds of analysis that can be performed on resulting samples. Briefly, cultural analysis 
requires collection of samples in ways such that viability (and hence, culturability) is 
protected. This usually means that some water-based medium must be used. The most 
commonly used sampling methods for cultural analysis are the culture-medium 
impactors (e.g., the sieve plate, slit, and centrifugal impactors) (Muilenberg, 1989). 
Liquid impingers are also used for bacterial aerosols (Cox, 1987), although (fungus 
spores are generally hydrophobic and difficult to collect in liquid media). Filtration 
methods are also occasionally used, but losses due to desiccation have yet to be 
documented for most aerosols. If samples are to be evaluated microscopically, then a 
sample of good optical quality is needed. The slide or tape impactors are most 
convenient, although filters can be cleared to reasonable transparency. For 
immunoassay and chemical assays, the primary considerations with respect to 
analysis are that the particles must be readily washed from the collection medium and 
must not be changed by the medium (Milton et al., 1990) and liquid impingement are 
also amenable to such assays. 
 
The next consideration should be the level of aerosol expected. The culture-plate 
impactors overload readily (unless the medium is processed for dilution). For a 1-min 
sample at 28.3 l/min, 10 colonies represent about 360 colony-forming units (CFU)/m3 
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air; 50 colonies represent about 1800 CFU/m3 ( 10 to 50 fungal colonies is the optimal 
range). Thirty-second samples double this upper limit (1800 CFU/m3), while longer 
sampling times (up to 15 min) increase sensitivity. Overall, the effective range for the 
sieve impactors on 100-mm diameter plates is about 80 - 3500 CFU/m3. If lower 
concentration levels are expected, samplers should be chosen that collect larger 
volumes of air (e.g, the portable culture plate or centrifugal devices). On the other 
hand, for higher concentration levels, it may be necessary to dilute samples after 
collection. One method is to collect the sample onto gelatin, then carefully melt the 
gelatin and use dilution culture (Blomquist et al., 1984). 
 
Particle size collection efficiency is another important factor to consider, although all 
of the commercially available samplers collect all but the smallest aerosols with an 
efficiency that is adequate for most studies. The exception is the popular rotating rod 
impactors that are commonly used to study outdoor aerosols. These devices are 
efficient for particles above about 15 µm (including nearly all pollens) but are not 
adequate for characterizing fungal spore aerosols. 
 
It cannot be emphasized too strongly that every sampler needs to be carefully 
calibrated. Most devices are factory calibrated, however, calibration errors exceeding 
100% in some devices are not uncommon. Calibration techniques must take into 
account the capability of the vacuum source to overcome resistance. Several of the 
culture plate impactors use suction devices that will not maintain flow with any added 
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resistance, so that bubble tubes or other low-resistance calibration methods must be 
used. 
 
2.4 Particle removal from ambient air 
So far, numerous methods have been tried to mitigate the problem of indoor air 
pollution caused by bioaerosols.  In summary, these methods include the use of 
microbiological filters and ozone.  Microbiological filters have been used for the 
disinfection of bioaerosols because of their low cost and ease of handling.  However, 
a disadvantage of such filters is that they do not permanently remove contaminants, 
but just transfer them to another medium (Goswami et al., 1997).  Ozone is an 
extremely reactive oxidant, and it is generally believed that bacterial kill through 
ozonation occurs directly because of cell wall disintegration (Metcalf and Eddy, 2003).  
However, residual levels of ozone are hazardous to human beings. 
 
The deleterious effects of ultraviolet radiation on bacteria cells have long been 
recognized and its applications on antimicrobial process have received increasing 
attention.  The most energetic fraction of the ultraviolet spectra, corresponding to the 
UV-C range (200 – 290 nm), is commonly used as an antibacterial agent in air 
treatments, allowing effective disinfection rates by the employment of germicidal 
lamps (Ibanez et al., 2003).  However, radiation in this spectrum is harmful to human 
skin and eyes.  Thus, its application is of limited practicability. 
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A potential alternative is to make use of heterogeneous photocatalysis, an advanced 
oxidaition technology that involves the use of UV-A (320 – 400 nm) radiation and a 
photocatalyst such as titanium dioxide (TiO2).  This technology has emerged as an 
effective method for water treatment and there is a potential for it to be applied to the 
disinfection of bioaerosols as well.  This method has been proposed as one of the 
best disinfection technologies, because not only it is effective in inactivating 
microorganisms, dangerous (carcinogenic or mutagenic) or malodorous compounds 
are not formed in the process. More details will be provided in the following section. 
 
2.5 UV disinfection 
Ultraviolet radiation has been used for disinfection purposes since the early 20th 
century. Nowadays, wastewater (secondary and tertiary sewage effluents) and 
drinking water disinfection are important technical applications of direct UV 
irradiation in the wavelength range between 240-290 nm (Hoyer, 1998, Parrotta and 
Bekdash, 1998). Another significant contribution to the field of UV disinfection 
include the photo-inactivation of airborne microorganisms by using TiO2 based 
photocatalytic techniques, which is considerable of importance in tropical developing 
countries (Cooper et al., 1998) due to abundant source of sunlight. The bactericidal 
and virus inactivating capacity of illuminated TiO2 has been demonstrated in 
laboratory scales (Belhacova et al., 1999, Kersters et al., 1998, Lee et al., 1998, Wei et 
al., 1994) and by solar pilot plant studies (Vidal et al., 1999). Recently, Jacoby et al. 
(1998) demonstrated the total mineralization of Escherichia coli cells adsorbed on 
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illuminated TiO2 in air. Blake et al. (1999) published a comprehensive review 
including references of microbiological photocatalytic research. Hunter (2000) briefly 
reviewed the developments related to UV disinfection over the past 20 years with 
references to regulatory and process changes, system design, applicability, and the 
growth of industry during this period.  
 
Common definitions of the term disinfection usually aim at its medical aspects related 
to transmissible diseases and to the killing or irreversible inactivation of the 
disease-causing organisms by use of chemical agents or physical procedures. This 
includes the destruction of the infectious or other undesirable bacteria, pathogenic 
fungi or viruses and protozoa on surfaces or any inanimate objects (Block, 1993, 
Harke, 1987). Thus, disinfection of water, air or surfaces should produce a condition 
under which no hazardous health effects for humans can occur. It is generally 
accepted, that this condition is achieved by reduction of hazardous microorganisms to 
0.01% of their initial number. 
 
2.5.1 Basic mechanisms for the disinfection of bacterial cells 
2.5.1.1 Bactericidal Action by direct UV Irradiation 
The bactericidal effect of direct UV irradiation on bacteria is primarily due to the 
formation of pyrimidine (thymine and cytosine) dimers in the DNA molecules of 
bacteria. Figure 2.1 shows the formation of a thymine dimer. Pyrimidine dimers are 
induced most efficiently by radiation in the UV-C range, although UV radiation in the 
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UV-B and UV-A spectrum contributes to their formation as well.  Pyrimidine dimers 
have been shown to inhibit the progress of DNA polymerases. In the absence of repair, 
a single pyrimidine dimer is sufficient to completely eliminate expression of a 
transcriptional unit.  Thus, every pyrimidine dimer acts as a block to transcription 
and replication, and a small fraction of dimers also results in bacterial mutations (Britt, 
1996). 
 
Figure 2.1 Formation of thymine dimers in bacteria cells (Metcalf and Eddy, 2003) 
However, this inactivation of bacteria is complicated by the presence of DNA repair 
mechanisms in bacterial cells. The two categories of repair are photoreactivation and 
dark repair. Photoreactivation is a phenomenon whereby the biological effects of UV 
radiation are significantly reduced by subsequent exposure to light in the blue or 
UV-A range of the spectrum. The photoreactivating effects of visible light usually 
reflect the actions of photolyase enzymes. This class of enzyme binds specifically to 
pyrimidine dimers and upon absorption of a photon of the appropriate wavelength 
(350 – 450 nm), directly reverses the damage in an error-free manner.  In contrast 
with photoreactivation, dark repair pathways do not directly reverse DNA damage but 
instead replace the damaged DNA with new, undamaged nucleotides (Britt, 1996). 
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2.5.1.2 Bactericidal action by heterogeneous photocatalysis oxidation (UV-A/TiO2)  
In heterogeneous photocatalytic oxidation (PCO), pure or doped metal oxide 
semiconductors such as TiO2 are commonly used as photocatalysts.  Upon excitation 
by light whose wavelength is less than 385 nm, holes (h+) and electrons (e-) are 
generated in the valence band (VB) and conduction band (CB), respectively. When 
the energy provided (photon) is larger than the band gap, the pairs of electron-holes 
are created in the semiconductor, and the charge will transfer between electron–hole 
pairs and adsorbed species (reactants) on the semiconductor surface, then 
photo-oxidation happens. 
 
The activation of TiO2 by UV light can be written as (Zhao and Yang, 2003): 
TiO2 + hv → h+ + e- 
In this reaction, h+ and e− are powerful oxidizing and reductive agents, respectively.  
Fig. 2.2 shows the schematic of the PCO process using TiO2 as the catalyst. 
 
Fig.2.2. The schematic of TiO2 UV photo-excitation process  
(R=reduction; O=oxidation). 
The holes and electrons are powerful reducing and oxidizing agents respectively.  In 
the presence of air or oxygen, the following oxidative and reductive reactions have 
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been experimentally observed (Rincon and Pulgarin, 2003): 
Oxidative reactions  
OH- + h+cb→ HO· 
H2O + h+cb→ HO· + H+ 
Reductive reactions 
O2 + e-vb → O2·- 
O2·- + H+ → HO2· 
O2·- + HO2· → HO· + O2 + H2O2 
2HO2· → O2 + H2O2 
H2O2 + e-vb → OH- + HO· 
H2O2 + hv → 2HO·
The bacterial inactivation of UV-A/TiO2 in an oxygen atmosphere has been attributed 
to the generation of the hydroxyl radicals (HO·) from the above oxidative and 
reductive reactions.  The hydroxyl radicals are very potent oxidants and are 
nonselective in reactivity.  Because of their high levels of reactivity, they are also 
very short lived.  
 
The exact mechanism of the action of hydroxyl radicals on bacterial cells is still 
uncertain.  However, there have been several suggestions and evidences of the steps 
leading to the inactivation of bacteria.  In recent works, it has been proposed that 
when activated TiO2 particles are in direct contact with or close to bacteria, the 
bacteria cell membrane is the primary target of the initial oxidative attack (Maness et 
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al., 1999).  This reaction is known as lipid peroxidation because polyunsaturated 
phospholipids are an integral component of the bacterial cell membrane.  Many 
functions, such as semipermeability, respiration, and oxidative phosphorylation 
reactions, rely on an intact membrane structure.  Thus, it is thought that the loss of 
membrane structure and, therefore, membrane functions is the root cause of cell death 
when photocatalytic TiO2 particles are outside the cell (Maness et al., 1999).  
 
For Gram-negative bacteria such as E. coli, the synthesis of superoxide demutase 
(SOD) enzymes consititutes one of the major defense mechanisms of cells against 
oxidative stress by catalyzing the disproportionation of superoxide anions (O2·-) into 
hydrogen peroxide (H2O2) and molecular oxygen.  Gram-negative bacteria also 
produce catalase in response to oxidative stress.  This enzyme reduces the 
intracellular concentration of hydrogen peroxide by causing its decomposition to 
water and oxygen (Rincon and Pulgarin, 2003).  These reactions can be represented 






Thus, the SOD enzyme neutralizes most
the photogenerated hydrogen peroxide. 
 
 SO → O2 + H2O2
Catalase2 → O2 + 2H2O 
 of the OH· radicals and catalase eliminates 
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Nevertheless, complete oxidation of the bacterial cells can be achieved eventually.  It 
has been demonstrated by Jacoby et al. (1998) that whole cells deposited on a 
titanium dioxide coated surface can be oxidized to carbon dioxide and water vapor via 
heterogeneous photocatalysis.  The results provide evidence that a photocatalytic 
surface used for disinfection of bioaerosols can be self-cleaning in an air-solid system. 
 
2.5.2 Factors affecting the reaction of UV disinfection 
The effectiveness of the UV disinfection process depends on a number of variables 
including bacteria strain, UV intensity, contact time, level of humidity and 
characteristics of the photocatalyst, reactor type, etc. The following sections review 
the commonly used photocatalysts, followed by some experimental results about the 
relation between reaction rate and the major influencing factors.  Models to represent 
the reaction kinetics are also summarized. 
 
2.5.2.1 Bacteria strain 
The bacterial inactivation efficiency is expected to vary among different strains of 
bacteria for both direct UV irradiation and heterogeneous photocatalysis. For direct 
UV radiation, the bacterial inactivation efficiency at a given wavelength varies among 
bacteria due to the variation of the following characteristics of different strains of 
bacteria: (1) content of cytosine relative to thymine in the bacteria’s DNA; (2) 
absorbance and scattering of UV light in cell by inactive substances; and (3) specific 
traits of the DNA repair systems (Giese and Darby, 2000).  The first characteristic 
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mentioned is of particular importance because thymine has a greater absorbance than 
cytosine in the UV-C spectrum and the quantum yield for its formation is greater than 
that of cytosine dimers (Giese and Darby, 2000).  Thus, bacteria with a high ratio of 
cytosine to thymine will be less susceptible to direct UV-C disinfection. 
 
For heterogeneous photocatalysis, it has been observed that Gram-positive bacteria 
are more resistant to photocatalytic treatment than Gram-negative bacteria.  It is 
thought that this is due to the differences in the complexity and density of the 
bacterial cell walls.  Gram-negative bacteria have thin and slack cell walls while 
Gram-positive bacteria have thicker and denser cell walls (Kuhn et. al., 2003).  Thus, 
if it is assumed that the bacteria cell membrane is the primary target of the initial 
oxidative attack, the cell walls of Gram-negative bacteria will be more susceptible to 
lipid peroxidation than that of Gram-positive bacteria. 
 
2.5.2.2 Reactors  
Reactors and light sources are indispensable to the realization of the UV disinfection. 
When reactors are used to remedy indoor air, they should be capable of treating fairly 
high gas feed rates. Thus, the high-volume and low-pressure-drop reactor 
configuration is required. In order to get high disinfection rate, the reactors also 
should provide efficient contact among UV photons, solid catalyst and bioaerosols. 
Among the many different types of reactors designed, the honeycomb monolith, 
fluidized-bed, and annular reactors are three representative types. 
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2.5.2.3 Relative humidity 
It has been observed that the level of humidity plays a very important role in the 
inactivation of bacteria in the gas phase for both direct UV radiation and 
heterogeneous photocatalytic reactions.   
 
In studies by Peccia and Hernandez (2001) and Ko et. al. (2000), where bacterial cells 
were subjected to direct UV-C radiation, it was found that the inactivation efficiency 
of direct UV radiation decreased with increasing relative humidity and this 
phenomenon is particularly significant when humidity levels were in the range of 65 – 
90 %.  It has been proposed that in response to different relative humidity levels, 
DNA experiences various degrees of hydration, which in turn dictate the physical 
conformation of this genetic material stored within a cell.  Different physical DNA 
conformations have different photochemical responses and likely influence the overall 
response of bacterial cells to UV irradiation at different relative humidity levels.  At 
lower relative humidity levels, thin bacterial DNA films experience a reversible 
transition to an A-like form.  Transition to a more stable B form begins in the relative 
humidity range between 50 and 65% and is completed at humidity levels above the 
75%.  Conformational changes in DNA appear to dictate the type of UV-induced 
DNA damage it retains and are therefore most likely responsible for the increased 
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In a study by Goswami et. al. (1997), a continuous reactor was used to disinfect 
Serratia marcescens by heterogeneous photocatalysis.  Humidity levels were varied 
between 30 – 85 % by injecting atomized deionized water into the reactor and air flow 
and UV intensity were kept constant in the experiment.  It was found that at low 
humidity levels (approximately 30 %), the rate of destruction of Serratia marcescens 
was low, and water may be necessary to transfer the hydroxyl free radical to the 
bacteria.  At moderate levels of humidity (approximately 50 %), the rate of 
destruction was much greater.  At high humidity levels (approximately 85 %), the 
rate of destruction dropped again, and it seems high humidity levels induce the 
reactivation of organisms.  In addition, excessive water vapor may hinder 
photocatalysis due to possible competition between water molecules and microbes for 
active TiO2 surface sites (Goswami et. al., 1997). 
 
2.5.2.4 Effect of UV-light intensity 
Semiconductors absorb the light with a threshold wavelength that is enough to 
provide the energy used to overcome the band gap between valence bands and 
conduction bands. For TiO2, the UV-radiation between 300 - 380 nm wavelength can 
provide enough energy to overcome the band gap (3.2 eV). The energy is provided by 
photons, and more photons are produced when UV-light intensity is stronger. With 
enough activation energy, the electrons will transfer between valence and conduction 
bands to form hole–electron pairs on the catalyst surface. In addition, at high 
intensities, the high flow of photons available are able to attack the bacteria directly as 
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well (Rincon and Pulgarin, 2003). 
 
It has been shown that higher UV intensity results in higher bacterial inactivation 
efficiencies, particularly for UV-C irradiation. For UV-C radiation, at high intensities, 
the high flow of photons directly attack bacteria and prevent the defense mechanisms 
and photoreactivation from taking place (Rincon and Pulgarin, 2003).  Furthermore, 
it has been demonstrated that applying a high UV intensity for a short time is much 
more effective than applying a lower intensity for a longer period of time.  This may 
be due to the action of repair mechanisms in the cell which are more affected by high 
UV intensities (Sommer et. al. 1998). 
 
2.5.2.5 TiO2 concentration  
For heterogeneous photocatalysis, the inactivation of bacteria is affected by the 
concentration of TiO2 photocatalyst. In the study by Kim et. al. (2003), a batch reactor 
was used to disinfect food-borne pathogenic bacteria in TiO2 solution, and the 
concentration of TiO2 was varied between 0.25 mg/ml to 1.25 mg/ml.  It was 
observed that after 30 min of irradiation with UV light in the presence of 0.25 mg/ml 
TiO2, 55 % of Salmonella choleraesuis subsp. was inactivated.  When the 
concentration of TiO2 was increased to 1 mg/ml, the bacteria inactivation efficiency 
was increased to 62 % bacteria.  This could be due to an increased in surface area 
used for bacteria inactivation.  TiO2 concentrations greater than 1 mg/ml resulted in 
a decrease in bacterial inactivation efficiency.  This was thought to be due to the 
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excessive number of TiO2 particles absorbing and scattering light, thus causing a 
limitation of photons.  It has also been proposed that at high concentrations of TiO2, 
terminal reactions could also contribute to the diminution of the bacterial inactivation.  
These reactions can be written as (Rincon and Pulgarin, 2003): 
 
HO· + HO· → H2O2 
H2O2 + HO· → H2O + HO2·
 
The hydroperoxyl radical (·HO2) is less reactive and does not seem to contribute to 
the oxidative process. 
 
2.5.2.6 TiO2 crystal structure and loading 
TiO2 has two crystal modifications: anatase and rutile.  The energy band-gaps of 
anatase and rutile are 3.23 and 3.02 eV, respectively.  For heterogeneous 
photocatalysis application, anatase is generally considered superior to rutile because 
(a) the conduction band location for anatase is more favorable for driving conjugate 
reactions involving electrons, and (b) very stable peroxide groups can be formed at 
the anatase during photo-oxidation reaction but not on the rutile surface (Zhao and 
Yang, 2003).  However, for reasons yet to be understood, mixtures of anatase and 
rutile were found to have better photo-activity than either phase by itself.  This was 
illustrated in a study by Rincon and Pulgarin (2003), where 10 mg of the three 
different forms of TiO2 were immobilized on glass.  It was observed that 
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immobilized Degussa P-25 TiO2 consisting of 80 % anatase and 20 % rutile was far 
more efficient in the inactivation of bacteria as compared to pure anatase and rutile 
immobilized TiO2. 
 
The type of TiO2 loading is usually an important component in the reactor design of a 
bacteria disinfection system.  Suspended TiO2 is generally more effective in the 
inactivation of bacteria but this is generally applicable only to the disinfection of 
bacteria in water.  For the disinfection of bioaerosols, immobilized TiO2 loading is 
usually used.  TiO2 can be immobilized on the walls of reactors, on beads or silica 
gel in fluidized-bed reactors and on materials such as woven fabric and membranes.  
Some factors influencing the photocatalytic activity of immobilized TiO2 are: (1) the 
specific surface of catalyst accessible to light and to bacteria; (2) the enhancement of 
the recombination of photo-generated hole-electron pairs by the TiO2 support; (3) the 
limitation of oxygen diffusion in the deeper layers of TiO2; (4) the mean distance 
between bacteria and immobilized TiO2; and (5) the reactor geometry as it determines 
the light distribution and its availability for fixed TiO2 excitation (Rincon and 
Pulgarin, 2003).   
 
For the PCO, the deactivation of the catalyst is a common problem. Possible reasons 
of deactivation include (a) generation of reaction residues which cause the loss of 
active sites on the surface, and (b) fouling which changes the catalyst surface by 
blocking the pores. Obee and Brown (1995) found that the concentrations of reactants 
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affected the life time of photocatalyst for the relatively higher consumption of 
hydroxyl radicals. According to the photocatalytic reaction mechanism, the stability 
and the photoactivity of the catalyst were strongly influenced by the type and amount 
of hydroxyl groups. As the reaction proceeded, the density of hydroxyl groups on the 
catalyst surface decreased so that the activity of the catalyst dropped. Some catalyst 
regeneration methods according to these include burning out of the chemisorbed 
carbon species in air and water washing with UV illumination. The purpose is to 
eliminate the intermediates that occupy the active sites of the catalyst and regenerate 
the hydroxyl radicals. 
 
2.5.3 Rate law 
Reaction kinetics gives information about the reaction rates and the mechanisms by 
which the reactants are converted to the products. A necessary step of a UV 
disinfection reaction is that the reactant molecules are adsorbed on the catalyst surface. 
Thus, the rate law should consider the combined effect of the sorption isotherms and 
the reaction kinetics. Due to many different types of reactions in the field of UV 
disinfection, few studies have developed complete mechanistic or kinetic equations 
for the entire course of oxidation reaction. A summary of rate equations for 
disinfection derived from isotherms or rate constants are summarized by Peral et al. 
(1997). 
 
During disinfection processes, the inactivation of microorganisms follows an 
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exponential decay according to Eq. 1-1. 
Nt/Nt=0 =e-kt                                               (1-1) 
With Nt=0 the number of microorganisms before treatment, Nt: number of 
microorganisms at time t of treatment and k being the rate constant of microorganism 
inactivation. The number of microorganisms is usually stated as colony forming units 
(CFU) and it is determined by plate counts. This technique is limited to colony 
forming microorganisms. Thus, parasites must be isolated and identified visually and 
viruses are identified through their effects (Bersillon, 1999).  
 
First-order kinetics was observed in both photocatalytic and bacterial degradation 
systems for both aerobic bacteria strains PZK and S37. Microcystin pollutants have 
been oxidatively decomposed photocatalytically with decomposition following first 
order kinetics. Reaction rates were strongly dependent on the amount of TiO2, but 
only slightly influenced by a change in gas purge from oxygen to compressed air. 
Photocatalytic processes using TiO2 have been shown to oxidise hazardous organic 
contaminants. The inactivation of E. coli using TiO2 as the photocatalyst under 
irradiation of 8-W BLF Fluorescent lamps (in the wavelength of 300- 400 nm with a 
peak at 360 nm) has been studied and it was shown that photocatalytic inactivation 
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2.6. Conclusions 
Heterogeneous photocatalytic oxidation is a promising air purifying technology that 
can eliminate indoor air pollutants efficiently at the room temperature. Both 
experimental and modeling work have been conducted to understand the mechanisms 
of reaction as well as to optimize the reactor design. Following conclusions can be 
drawn from this review: 
 
(1) Some metal oxide semiconductors, such as TiO2, WO3, ZnS, etc., have moderate 
energy band-gaps and are proper to be selected as photocatalysts. TiO2 is widely used 
in various reactions due to its superior characteristics. 
 
(2) The types of reactors determine the efficiency and the cost of UV technology in 
remedying air pollution. Quantum yield of UV light energy and reaction area of 
photocatalyst are among the most important factors in reactor design. 
 
3) The parameters of interest for disinfection kinetics are: humidity, light intensity, 
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CHAPTER 3  
EXPERIMENTAL 
In this chapter, details of the measurement and disinfection of bioaerosol are 
provided.  
 
3.1 Experimental details of air sampling 
To measure the concentration of bioaerosol (bacteria and fungi) in ambient air, air 
sampling was conducted in two student offices in the Engineering buildings of 
National University of Singapore. One of the offices is located at E2-05-04 and the 
other one is at EW2-01-26. 
 
3.1.1 Measurement of bioaerosol levels in indoor air 
A sampling strategy determining the sample site, appropriate handling technique 
(without cross contamination), labeling and proper logging of the samples was 
decided.  In order to study the correlation between total airborne bacterial and fungi 
levels with ambient parameters (temperature and relative humidity), volumetric 
sampling was conducted to collect data on bioaerosols present in two indoor 
environments. The air sampling was carried out for 5 consecutive days during the 
months of May, October and December 2003, respectively. 
 
3.1.1.1 Description of sampling location 
As mentioned earlier, indoor air sampling was carried out at 2 offices in E2-05-04 and 
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EW2-01-26. Hereafter, these rooms will be designated as A and B, respectively. Both 
locations are air-conditioned (central air-conditioning system) and all air filters are 
claimed to be replaced within 6 months per cycle. For the office A, air sampling was 
carried out for five times during the day from 9:00 AM to 5:00 PM, on 26-30 May, 
2003. For the office B, air sampling was carried out for four times during the day 
from 8:00 AM - 8:00 PM, twice, on 14-18 October and on 8-14 December, 2003, 
respectively. 
 
3.1.2 Measurement of bioaerosol levels in outdoor environment 
In order to correlate indoor and outdoor bioaerosols, outdoor air sampling was carried 
out simultaneously with the indoor sampling. For every location where indoor air 
sampling was carried out, outdoor air sampling was also carried out in an area nearby 
each location. Thus, two outdoor sites nearby the indoor locations were selected: open 
space in the corridor outside the E2-05-04 and open space outside EW2 building in 
the first floor. Sampling duration in the outdoor was the same as for the indoor 
sampling. 
 
3.1.3 Microbiological analysis 
Indoor air was sampled from a central location in the two offices at 1.1 m from the 
floor (at the workstation level). The outdoor air was sampled at the same level as the 
indoor. Air samples were collected by a precalibrated Anderson 6 stages cascade 
impactor and by an Andersen single stage impactor (Anderson, 1958), which are 
shown in Fig. 3.1 and 3.2, respectively. This enabled the counting and the 
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identification of the viable microorganisms in the air samples. The collection 
efficiency and the reproducibility of these sampling devices were previously validated. 
(Buttner and Stetsenbach LD, 1993; Jensen et al., 1992; Jones et al., 1985). The six 
stages sampler was used in office A while the single stage sampler was used in office 
B. The sampling time for both the samplers was 5 minutes. The sampling period was 
so chosen that it was sufficient to capture the representative bioaerosols in the air 
while not long enough to cause overloading of the agar plates. The pumps for the 
samplers were periodically calibrated using a flow meter. Sampling was carried out 
for both bacteria and fungi. For the indoor, the height of the impactor suction points 
for the air was located at about 1.1 m above the ground (breathing zone of people in 











Each impactor was connected to a pump and a calibrated orifice ensured an airflow 
Fig. 3.2 Anderson single stage viable sampler Fig. 3.1 Anderson six stage viable sampler
 46
                                                                                Experimental 
rate at 28.3 l/min. Tryptocase Soy Agar (TSA) (OXOID LTD, ENGLAND) was used 
for culturing bacteria and Malt Extract Agar (MEA) (3% malt extract, 1.5% agar, 
0.5% peptone, supplemented with 0.1 mg/ml chloramphenicol) was used for culturing 
fungi. One of the dishes was reserved for blank test. The Petri dishes were incubated 
for 48 h at 35oC for bacteria, and for 48 h at 25oC for fungi. The results were 
expressed in colony forming unit per cubic meter (CFU/m3). The temperature and 
relative humidity were monitored continuously by a hygrometer (Cole-Parmer 
37950-03). The number of occupants and their activities in the room were also 
recorded.  
 
The ambient parameters such as temperature and relative humidity were noted for 
each sample. Before sampling, the impactors were thoroughly cleaned with ethanol 
(70% vol). The Andersen samplers were loaded with plastic petri dishes containing 
approximately 35 ml of tryptone soy agar (TSA) for the bacterial sampling run. The 
bacterial plates were then incubated at 35oC for 48 hours. For fungal sampling, the 
impactors were loaded with malt extract agar (MEA). The fungi plates were then 
incubated at 25oC for 72 hours. After incubation, colonies on each plate were counted. 
Readings were expressed as counts of colony forming units per cubic meter of air 
(CFU/m3). 
 
3.2 Experimental details of UV disinfection 
As mentioned earlier, disinfection kinetics experiments of bacteria were conducted in 
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both batch and continuous reactors.  
 
3.2.1 Batch reactor  
The experimental setup used in batch disinfection is shown in Fig. 3.3. The 
illuminating UV-A light source (FL8BLB, Sanyo Denki, Japan) with primary 
wavelength of 365 nm was placed at a distance of 1.875 cm on the top of the reactor. 
The glass petri dish containing membrane filter was used as a batch reactor. An 
adjusting lift was used to support the reactor. 
 
                                                                                                 
Enclosing black box 
1.875 cm
UV-A lamp 










Figure 3.3 Schematic diagram of the experimental apparatus for direct UV-A 
 irradiation and heterogeneous photocatalysis 
 
3.2.1.1 Microorganism preparation  
The cultures used in the disinfection kinetics were supplied by the American Type 
Culture Collection (ATCC): Escherichia coli K-12 (ATCC 10798), Bacillus subtilis 
(ATCC 14410) and Microbacterium sp. (ATCC 15283).   
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E. coli are facultative anaerobic, gram-negative, rod-shaped bacteria commonly found 
in human intestinal tract and feces.  They have been used as model organisms for 
many studies involving disinfection of bioaerosols (Lin and Li, 2003; Huang et al. 
1999; Xu et al., 2003). B. subtilis are gram-positive, rod-shaped and 
endospore-forming bacteria found in commonly found in soil and rotting plant 
material.  They are one of the most studied gram-positive bacteria and have been 
used for several studies involving disinfection of bioaerosols (Lin and Li, 2003; Xu et 
al., 2003).  Microbacterium sp. is a genus of coryneform bacteria consisting of small 
diphtheroid, gram-positive, rod-shaped organisms.  They are yellow or orange 
pigmented, and commonly identified in indoor air sampling studies. Fresh cultures 
were maintained on Tryptic Soy Agar (TSA) plates at 4°C for short-term storage (<4 
weeks). New plates are streaked every month to ensure the viability and purity of the 
cultures. All cultures were stored at -20oC in sterile deionizing water containing 30% 
(vol/vol) glycerol.  
 
A loop full of bacteria cells were inoculated into 15 ml nutrient broth (NB, Merck, 
Germany) and aerobically incubated at 37 °C in a rotary shaker at 120 rpm for 16 
hours.  E.coli K-12, Bacillus substilis, and Macrobacterium sp. cells grown from 
working culture were harvested by centrifugation of the suspension using a centrifuge 
(Jouan, France) at 4000 rpm for 5 min. Subsequently, the aliquots were washed twice 
in 0.9 % sodium chloride solution and re-suspended in 50 ml of 0.9 % sodium 
chloride solution to give a cell concentration of approximately 107 – 108 
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colony-forming units (cfu) per ml of solution.  The bacteria solution is then diluted 
107 times with the NaCl solution (0.9%) and separated into 50 ml aliquots. 
 
3.2.1.2 Preparation of TiO2 membrane  
Titanium dioxide used in this experiment was Degussa P25 (Germany). It has a 
primary particle diameter of 21 nm, a specific surface area of 50 ± 15 m2/g, and a 
crystal distribution of 70 % anatase and 30 % rutile. TiO2 suspensions of 
concentrations 10, 20 and 30 mg/L in deionised water were prepared and autoclaved. 
TiO2 solution was filtered through a cellulose acetate filter membrane (Whatman, 
Maidstone England), which is 47 mm in diameter and 0.45 μm in pore size. 
(Recommended by EPA membrane filtration technique), and was also used for the 
impregnation of bacteria.  
 
3.2.1.3 Irradiation source 
For the heterogeneous photocatalysis experiments, blacklight blue lamp (FL8BLB, 
Sanyo Denki, Japan) with peak emissions at 365 nm and energy inputs of 8 W was 
used.  The lamp was wrapped with different aluminum filter meshes to attain the 
desired experimental UV intensity levels. The UV-A intensities were measured with a 
digital radiometer (VLX3W, UVitec, United Kingdom). Bacterial cells were exposed 
to UV intensities of 6.280 mW/cm2, 4.280 mW/cm2 and 1.820 mW/cm2. 
 
3.2.1.4 Scanning electron microscopy 
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The surface of blank filter and filter coated with TiO2 was analyzed using scanning 
electron microscope. Three bacteria with 102 CFU/ml deposited on TiO2-coated 
membrane was illuminated for 30 mins. The samples were subjected to the standard 
sample preparation steps: after being fixed with glutaraldehyde and osmium tetroxide, 
the samples were drained with ethanol/water in increasing concentrations of ethanol. 
The absolute ethanol was replaced by dimethoxymethane and the samples underwent 
critical point drying with CO2. The membrane was glued onto stages with conductive 
silver and metallized with platinum. The samples were analyzed and photographed 
with a scanning electron microscope.  
 
3.2.1.5 Experimental procedure 
By using a filtration device (Schott Duran, Goettingen, Germany), 50 ml of 10, 20 or 
30 mg/L TiO2 solution was filtered through a cellulose acetate filter membrane. Since 
the surface area of filter membrane is 1.73 × 10-3 m2 (=π× (47/ (2×1000)2), the 
amount of TiO2 on the membrane can be expressed as 289, 578 and 867 mg/m2. The 
exact weight can be determined by an analytical balance. The materials and devices 
are shown in Fig. 3.4.  This was followed by the filtration of 50 ml of bacterial 
solution through the same filter membrane.  The filter membrane is placed into a 10 
x 35 mm sterile petri dish with a pair of tweezers and positioned 1.875 cm below the 
horizontally positioned UV-A lamps to be irradiated.  Exposure times ranged from 0 
to 20 minutes and two filter membrane samples (replicate) were used for each time 
interval. The whole procedure was finished in a bio-safe hood. 
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After irradiation, each filter membrane was immediately removed from the glass petri 
dish with a pair of tweezers and placed face-down on Eosin Methylene Blue (EMB) 
agar.  EMB agar was used to grow the E.coli where the color of E.coli colony is 





Fig. 3.4 1- Filtration device; 2- Membrane filter; 3- Glass petri d
Therefore, from the color of the colony, one can infer whether the c
contaminated or not.  The agar plates were incubated at 37 °C for 24 h
number of colonies growing on each plate was counted with a colony co
magnifying lens. The experiment was carried out at different light inte
different loadings of TiO2. TSA was used instead of EMB agar to cultu
subtilis and Microbacterium sp. after irradiation. Uncoated samples of
membrane material were used as controls. All solutions and materials wer
by autoclaving. Deionised and sterilized water was used in all experiments.
 
3.2.2 Continuous reactor 
The experimental setup used in continuous disinfection is shown in Fig.3.5
 2ish 
olony was 




 the same 
e sterilized 
  
. The setup 
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consists of a reactor, bioaerosol nebulizing generator (BANG) and a sampler.  
The BANG system (Fig. 3.6) consisted of a purified air cylinder, a flowmeter for air 
flow control, a syringe pump for refilling the bacterial solution and a flowmeter for 
liquid flow control (mention the flow rate range of both water and air). This section 
was attached at the inlet of the reactor.  
 
 21 
Figure 3.5 Experimental setup for continuous disinfection 
 
1―Bioaerosol Nebulizing Generator      2―Syringe Pump 
3―UV-A Lamp                       4―Waste air treatment device 
5―Single Stage Impactor               6―Continuous Reactor 
7―Immobilized membrane 
 
The details of bioaerosol generator are shown in Fig. 3.6 which can generate aerosols 
at low air flow rate.  
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The glass photo reactor (length=50cm, diameter=6cm) housed 2 UV-A blacklight blue 
lamps, (FL8BLB, Sanyo Denki, Japan) with peak emissions at 365 nm and energy    
 
Fig. 3.6 Bioaerosol nebulizing generator. 
inputs of 8 W and a membrane filter coated with titanium dioxide. The membrane was 
wrapped on a steel frame (Fig.3.7) and inserted in the reactor.                           
 
 
Fig. 3.7 Steel frame used to immobilize the membrane in the reactor.  
The air at the inlet and outlet of the reactor was sampled using the Anderson single 
stage impactor (Anderson, 1958). After collecting the sample on agar plate at the 
outlet of the reactor, the air was passed through an impinger which contains 
 54
                                                                   Experimental 
bactericidal solution to treat the waste air before being released. 
 
3.2.2.1 Collection media  
Sampling and collection of airborne bacteria are as important as the disinfection 
process itself. The collection of microorganisms, however, is complicated by the 
viability of the bacteria. Three basic types of samplers can be used to collect the 
airborne bacteria, namely, impactors (culture plates), impingers, and filter devices. 
The proper choice of an aerosol sampling instrument depends on the type of 
bioaerosol, its concentration and its properties. Culture plate impactors are normally 
used to collect organisms in an indoor environment where the concentration of 
bacteria is low or unknown. Thus for this study, culture plate impactors were used 
because the concentration of bacteria was low or almost zero after irradiation. 
 
3.2.2.2 Microorganism preparation  
The preparation procedure of microorganism for continuous disinfection was same as 
that described in the section 3.2.1.1. 
 
3.2.2.3 Preparation of TiO2 membrane 
Titanium dioxide used was same as mentioned in section 3.2.1.2.  TiO2 was coated 
on a polyethersulfone membrane disc filter (PALL, Gelman Laboratory, USA) of  
293 mm in diameter and 0.2μm in pore size. Since the pore size is small, large 
surface area of TiO2 was expected after coating. TiO2 thin film was prepared by a 
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conventional dip-coating technique. The membrane was dipped in the saturated 
titanium dioxide solution. The schematic graph (Figure 3.8) shows the dip-coating 
apparatus used in this work. The machine for coating TiO2 can automatically coat 

















Fig. 3.8 Dip-coating apparatus1
After coating, the membranes were kept in the dessicator overnight. Thereafter, coated 
membranes were autoclaved for 20 mins at 121oC before use. 
 
3.2.2.4 Irradiation source 
As before, Blacklight Blue (BLB) lamp was used as the irradiation source for the 
continuous reactors. The light intensity was changed by covering different pore size 
meshes on the UV lamp. The mean light intensity of UV Lamp in the reactor was 
calculated by LSDE model (Yokota and Suzuki, 1995).  
                                                        
1 Courtesy: Professor A.K. Ray’s lab. 
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3.2.2.5 Experimental procedure and analysis 
Initially, a dilution of microorganism was established by trial and error which 
produced appropriate counts on agar collection plates. About 20 ml of the 16-hr 
culture (mentioned in section 3.2.3) was transferred into the bioaerosol nebulizing 
generator which was operated by 99.999% pure compressed air at appropriate airflow. 
The air flow was also maintained in such a way that aerosols did not settle at the 
bottom of the duct. The liquid bacterial culture in the nebulizer was atomized and the 
bacterial dispersion in the air stream was allowed to stabilize for 20 mins before the 
initial sample was taken by the impactor. The stabilization time (20 mins) was 
established by conducting preliminary experiments and sampling the air stream until 
the bacterial count was constant. To ensure a stable particle size distribution and a 
consistent airborne bacteria concentration over the course of the experiments, the cell 
suspension was replenished by a syringe pump containing the same concentration of 
the bacterial solution.  
 
After the initial sample was taken, the UV lamps were turned on. For E.coli, three 
samples were collected on EMB agar plates at predetermined time intervals. The agar 
plates were exposed to the contaminated air stream to collect the samples. Since the 
results shown that there were no contaminants in the air stream. TSA was used instead 
of EMB agar to culture Bacillus subtilis and Microbacterium sp.. Samples collected 
were kept in a sterile environment to avoid contamination during experiment. After 
the irradiation, the plates were incubated at 37oC for 24 h before counting. All the 
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experiments were repeated three times, and plates with between 30 and 300 colonies 
were counted. A mean bacterial count and the standard deviation were calculated for 
three samples. Only the maximum standard deviation was listed on each graph. After 
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CHAPTER 4 
 RESULTS AND DISCUSSION 
 
In this project, culture-based methods were applied to measure the levels of bioaerosol in 
the indoor and outdoor air. Although many novel molecular detection techniques such as 
polymerase chain reaction (PCR) have been developed for the monitoring of airborne 
biological contaminants, most of the current microbiological investigations still rely on 
the cultural methods as identifying the genera and evaluating the total bioaerosol 
concentration. 
 
4.1 Indoor and outdoor air sampling  
4.1.1 Air sampling at E2-05-04 from 26 to 30 May, 2003 
4.1.1.1 Size distribution of bioaerosol 
The six-stage Andersen cascade impactors employed in this study collected particles in 
the following size ranges: 0.65-1.1, 1.1-2.1, 2.1-3.3, 3.3-4.7,4.7-7.0, and >7.0 micrometer 
of aerodynamic diameter. Figs. 4.1 and 4.2 show average size distributions of bacteria 
and fungi based on repeated measurements over 5 consecutive days. The concentrations 
are expressed in terms of colony forming units per cubic meter of air (CFU/m3). As can 
be seen from these figures, most of the airborne bacteria and fungi were in the particle 
size range 1.1-2.1μm. The particle counts of culturable airborne bacteria and fungi 
obtained on a day to day basis with respect to their corresponding particle size 
distribution are tabulated in Appendix.  
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Fig. 4.1 Average size distribution of airborne bacteria and fungi indoor for 5 
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Fig. 4.2 Average size distribution of airborne bacteria and fungi outdoor for 5 
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4.1.1.2 Airborne bacteria and fungal concentration profiles 
As no standard measurement protocol was available, a study was conducted with the 
objective to design an appropriate protocol for monitoring the bioaerosol concentration 
levels in office A. After reviewing the daily office operation characteristics and some 
preliminary sampling, a measurement protocol was designed such that samples would be 
collected in the following five time periods in a day, i.e.: 
1. 1 h after the HVAC systems are turned on in the morning (9:00 AM), 
2. 1 h before the lunch time (11:00 AM), 
3. 1 h after lunch time (1:00 PM), 
4. Mid afternoon (3:00 PM), 
5. Late afternoon (5:00 PM). 
Furthermore, in view of the changes in the particle size distributions from time to time, 
the total counts of airborne bacteria and fungi were determined following a short time 
sampling (about 10 mins). A longer time sampling leads to desiccation of the culture 
media and thus to a loss of viability and the ability to culture (Parat et al., 1999). 
Therefore, bioaerosols were collected for every 2 hours from 9:00AM to 5:00PM, and the 
variability in their cumulative counts was examined. 
 
Typical profiles of temporal variation of the bioaerosol concentration obtained during the 
sampling time are shown in Figs. 4.3 and 4.4. These figures reveal the following 
observations. Firstly, in indoor air, the number of total culturable bacterial aerosols per 
cubic meter of air is larger than that of the fungal aerosols throughout the sampling 
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period, while in outdoor air, the number of total culturable fungal aerosols is larger than 
that of the bacterial aerosols. It can also be seen that the peak of bioaerosol concentration 
both indoor and outdoor occurs in the morning. Finally, the bioaerosol concentration in 
indoor air fluctuates during the day while the bioaerosol concentration in outdoor air 
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Fig. 4.4 A typical daily outdoor profile of airborne bacteria and 
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environment with high humidity and temperature for their growth. Elevated concentration 
of fungi and bacteria outdoors observed during the morning hours are of concern 
probably because the ambient air is not well dispersed until around the noon, leading to 
the accumulation of air pollutants including bioaerosols. As indicated earlier, the 
maximum concentrations of both fungal and bacterial aerosols are found in the size 
ranges (<3μm), and particles in the 1.1-3.3 microns falls within the inhalable size range. 
These smaller sized particles can penetrate deeply into the lungs of the humans, and 
difficult to remove them from the respiratory system.  
 
4.1.1.3 Weekly concentration profiles of the airborne bacteria and fungi 
A continuous measurement of bioaerosol concentration was carried out for a whole week 
according to the sampling schedule discussed earlier. The weekly bioaerosol 
concentration profiles for both indoor and outdoor air are shown in Figs. 4.5 and 4.6, 
respectively. Air sampling was done on consecutive days from 26-30 May.  
 
Fig. 4.5 shows that the highest airborne fungal and bacterial concentration occurred at 
9:00AM in the indoor air. This trend was consistent throughout the weekly sampling 
period. Therefore, the typical pattern of the temporal variation of the bioaerosol 
concentration discussed in the previous section is fairly representative of their day to day 
variations at the sampling site. The highest airborne fungal concentration during the test 
period was 362 CFU/m3, while the lowest was 44 CFU/m3. On the other hand, the highest 
airborne bacterial concentration was 1352 CFU/m3, while the lowest was 320 CFU/m3. 
The weekly profile clearly shows that the concentration of airborne bacteria is higher 
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Fig. 4.5 Weekly indoor concentration profiles of the airborne  
fungi (a) and bacteria (b).  
 
Fig. 4.6 shows that the highest fungal and bacterial concentration also occurred at 
9:00AM in the outdoor air. This trend was consistent throughout the sampling period. 
Therefore, the typical pattern on the temporal variation of the biological contaminants 
discussed in the previous section is fairly representative of their day to day variations at 
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the sampling site. The highest airborne fungal concentration during the test period was 
784 CFU/m3, while the lowest was 49 CFU/m3. On the other hand, the highest airborne 
bacterial concentration was 413 CFU/m3, while the lowest was 32 CFU/m3. Compared to 
the indoor profile, the weekly profile clearly shows that the concentration of fungi is 
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Fig. 4.6 Weekly outdoor concentration profiles of the airborne 
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4.1.1.4 Influence of meteorological parameters on the concentration of bioaerosols 
The bacteria and fungi are living microorganisms, and their growth is affected by a 
number of physical parameters in their living environment. Temperature and the 
relatively humidity of the outdoor environment are the two most important 
meteorological parameters that affect the bacterial and fungal survival in outdoor. As part 
of the experiment, the relationships between bioaerosols and these two parameters were 
investigated by continuously monitoring the changes during the course of air sampling.  
 
Figs. 4.7, 4.8, 4.9 and 4.10 show the changes in bioaerosol concentrations along with the 
variation of temperature and relative humidity. As can be seen from Figs 4.7 and 4.8 for 
indoor air, both bacterial and fungal concentrations fluctuate widely as the relative 
humidity and temperature vary a little. Relative humidity was between 56.6% and 53.6% 
and temperature was between 26.0 and 25.5oC. 
 
Figs. 4.7 and 4.8 illustrate that the effect of temperature and humidity is not significant 
for indoor air. The wide fluctuations in numbers of airborne viable spores could occur as 
a result of variation of activity levels caused by the activity (presence and absence) of the 
visitors in the university research office. 
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Fig. 4.8 Concentration of indoor bacteria and fungi with temperature. 
 
Figs 4.9 and 4.10 show that both bacterial and fungal concentrations outdoor decreased as 
the ambient temperature increased and relative humidity decreased. This is to be expected 
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as solar radiation and ambient temperature are closely related to each other. In other 
words, as the solar radiation increases, the bacterial and fungal concentrations decrease. 
 
The effect of the relative humidity on the outdoor bacteria and fungi concentration was in 
contrast to that of temperature. As shown in Fig. 4.9, when the relative humidity of 
outdoor air was high, high bacterial and fungal counts were observed and vice-versa. 
Aerosolized bacteria and fungi are influenced most dramatically by water content of the 
air, and the most noticeable effect occurs immediately after particles are formed (Hatch 
and Wolochow, 1969). Relative humidity plays an important role in the release of spores 
of many fungi. A number of fungi, especially many ascomycetes, release spores in 
response to high relative humidity, and ascospore concentrations often peak shortly after 
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Fig. 4.9 Concentration of outdoor bacteria and fungi with humidity. 
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Fig. 4.10 Concentration of outdoor bacteria and fungi with temperature. 
 
 
4.1.2 Seasonal variation in bioaerosol concentration  
4.1.2.1 Cumulative counts of airborne bacteria and fungi 
There were three air sampling experiments which have been done in May, September and 
December, respectively. From the earlier experiments (in May) presented in the previous 
section, the size distribution of bioaerosol was found to be concentrated in the size of 
1.1-2.1µm. Therefore, for the next two air samplings, the sampler was changed from 
six-stage to single-stage impactor. Furthermore, the sampling points through a day were 
changed to four times a day, 8:00AM, 12:00AM, 4:00PM and 8:00PM. Study was 
conducted with this protocol for monitoring the bioaerosol concentration within office B. 
Similar to office A, sampling was conducted at the following duration: 
1. Immediately after the HVAC systems were turned on (8:00 AM), 
2. At the lunch time (12:00 AM), 
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3. Mid-afternoon (4:00 PM), 
4. Mid-evening (8:00 PM) 
 
4.1.2.1.1 Indoor air sampling 
Bioaerosol concentrations in indoor air for three different sampling seasons are presented 
in Table 4.1 as average of all the measurements of counts of microorganisms.  
Table 4.1 Temperature and humidity vs total counts of indoor bioaerosol 




Total fungi counts 
(CFU/m3) 
Total bacteria counts 
(CFU/m3) 
May 25.8 55.1 112 669 
October 22.4 66.1 168 772 
December 24.1 64.8 84 733 
 
Influencing factors and total counts of bioaerosol are presented in Table 4.1. Following 
observations can be derived from the three sampling incidents: (i) in indoor air, bacteria 
concentration is always higher than fungi concentration, (ii) temperature and humidity do 
not have significant effect on the trend of bioaerosol concentration, (iii) the trend in 
bioaerosol concentrations in indoor air was more complex is probably because human 
activity plays an important role, and (iv) seasonal variation was not significant for the 
indoor bioaerosol concentration. The human activity level was comparable for both the 
sampling stations as there were 3 research students in room A and 4 students in room B. 
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4.1.2.1.2 Outdoor air sampling 
Table 4.2 Temperature and humidity vs total counts of outdoor bioaerosol 




Total fungi counts 
(CFU/m3) 
Total bacteria counts 
(CFU/m3) 
May 31.0 71.9 178 114 
October 29.1 77.4 260 148 
December 28.5 77.6 418 243 
Influencing factors and total counts of outdoor air sampling in three months are shown in 
Table 4.2. As seen before, the number of total fungal aerosols is larger than that of 
bacteria aerosols in outdoor. The average temperature and humidity in May were 
different from those in October and December. The average temperature was higher 
(31.2oC) in May than October and December. As a result, the total counts of 
microorganisms have the following order: December > October > May. In summary, the 
effects of meterorological parameters often play an important role in the trend of outdoor 
bioaerosol concentration. 
 
4.1.2.2 Influence of meteorological parameters on the concentration of biaoerosols 
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Fig.4.13 Variation of bacteria and fungi with indoor humidity and temperature in December.
 
Figs. 4.11, 4.12 and 4.13 show the changes in bioaerosol concentrations along with the 
variation of temperature and relative humidity in indoor air. Both bacterial and fungal 
concentrations fluctuate widely as the relative humidity and temperature were almost 
unchanged. Although the absolute temperature in May was higher than that in October 
and December, the change of temperature during the day in indoor was quite small in 
these three months. In other words, the relative change of temperature in indoor air was 
similar. The error bars illustrate wide fluctuations in numbers of airborne viable spores 
that could occur as a result of variation of human activity levels in the university research 
office. In summary, in indoor air, the temperature and humidity do not have significant 
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Bacteria Fungi Temp. Fig.4.16 Variation of bacteria and fungi with outdoor humidity and temperature in December. 
 
Figs. 4.14, 4.15 and 4.16 show that both bacterial and fungal concentrations decreased as 
the ambient temperature increased and relative humidity decreased in the day time, then 
increased as the temperature decreased and relative humidity increased after sunset. This 
is to be expected as solar radiation and ambient temperature are closely related to each 
other.  
 
By comparing results from three different periods, the trend in May showed that there 
was long and strong sunlight in the afternoon in this season. The humidity can be as low 
as 62% and temperature can be as high as 33oC. It seems that the effect of the relative 
humidity on the outdoor bacteria and fungi counts was in contrast to that of temperature. 
As shown in Fig. 4.14, higher bacterial and fungal counts were observed for higher 
humidity. It seems that the bioaerosol concentration again rises in the night in absence of 
solar radiation and higher humidity. 
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In summary, in outdoor air, the number of total fungal aerosols is higher than that of 
bacteria aerosols in all three sampling periods. Moreover, since the relative humidity 
plays an important role in the release of spores of many fungi, it is reasonable that the 
fungal concentration in May was lower than that in October and December because the 
average temperature was higher and relative humidity was lower in May. Comparison of 
data for October and December shows that the trend of bioaerosol concentration in both 




The average bioaerosol exposure during office hours inside both offices at NUS was 
found to be less than 1000 CFU/m3, which was considered to be lower than the 
recommended guideline (Anthony et al., 2001) The trend of the bioaerosol concentration 
in outdoor was reasonable with the change of meteorological parameters.  
 
In a tropical region like Singapore, the relative humidity outside would always exceed 
80% and humidity plays an important role on the trend of bioaerosol concentration. In 
indoor air, the experimental results have revealed that an office environment with HVAC 
system would become an excellent microbial incubator. The situation was expected to be 
even worse after a long weekend. Higher concentrations of bioaerosol were observed 
during the HVAC system startup in the morning.  
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4.2 UV disinfection 
The ultimate objective of this research is to design a UV disinfection system for indoor 
bioaerosol collected in the air-conditioning system, especially the microbes collected on 
filters. Prior to the conducting of disinfection experiments using unidentified indoor 
bacteria, disinfection kinetics protocol using known standard bacteria such as E.coli., 
B.substilis and Microbacterium sp. is established. Two types of disinfection experiments 
both batch and continuous were conducted with the standard bacteria immobilized on the 
filters and the results are presented here 
 
4.2.1 Batch experiment 
Vacuum filtration was used to transfer the bacteria from the solution to the membrane 
filter. Eosin methylene blue (EMB) agar was used to grow E.coli where the color of 
E.coli.colony is metal green, while other bacteria show different colors. Therefore, from 
the color of the colony, one can infer whether the colony was contaminated. Fig. 4.17 







Fig. 4.17 E. coli colonies growing on EMB agar 
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The number of colony-forming units (CFU) for all heterogeneous photocatalysis 
experiments was tabulated, and the survival percentage is calculated by normalizing the 
number of CFU after certain irradiation time by CFU from the control experiment, i.e. 
CFU at 0 time, using the following equation: 




Nt           (4.1) 
where Nt = number of CFU after irradiation for t min 
N0 = number of CFU at 0 min     
 
It was found that the bacteria inactivation efficiency for both direct UV-C irradiation and 
heterogeneous photocatalysis satisfy Chick’s law.  The differential equation in Chick’s 
law can be integrated to 




                       (4.2) 
Hence, 







ln                    (4.3) 
Thus, the survival percentage can be plotted against time (min) on a log-linear graph to 
give a straight line.  The value of the first-order inactivation rate constant k (min-1) was 
obtained from the slope of the graph. 
 
4.2.1.1 SEM analysis 
In order to determine the efficacy of the immobilization of bacteria on the membrane 
filter, SEM analysis was conducted on both blank and bacteria-immobilized filters. The 
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blank filter and three immobilized bacteria are shown in Figs. 4.18, 4.19, 4.20 and 4.21. 























 Fig. 4.18 Blank filterr Fig. 4.
ures show all three bacteria can block the filte
m. Fig. 4.19 E.coli on the filter21 Microbacterium sp. on the filter Fig. 4.20 B.substilis on the filter membrane which has a pore size of 
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4.2.1.2 Heterogeneous photocatalysis 
In heterogeneous photocatalysis, bacterial degradation occurs due to the reaction with 
hydroxyl radicals.  Experiments were conducted with different loading of TiO2 on the 
filter.   
 
4.2.1.2.1 E. coli 
Figs. 4.22, 4.23 and 4.24 show the survival curves for E coli at UV-A intensities of 1.82 












































































Fig. 4.24 Survival rates of E. coli at UV-A intensity of 6.28 mW/cm2
From Fig. 4.22, it can be observed that at the UV intensity of 1.82 mW/cm2, the bacterial 
inactivation efficiency was very similar for with and without catalysts, and different 
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amount of TiO2 on filter did not make any difference. The average percentage viability 
loss for E. coli after 20 minutes of UV exposure was 77%.  It appeared that at this UV 
intensity, heterogeneous photocatalysis did not enhance the bacterial inactivation, due to 
the deficiency of photons. Subsequently small amount of hydroxyl radicals were 
produced to induce damage to the E. coli cells.  The main mode in the inactivation of E. 
coli for all three concentrations of TiO2 could be the direct UV-A attack instead of 
heterogeneous photocatalysis, thus explaining the similarity in bacterial inactivation 
efficiency for all four conditions.  However, increasing the UV intensity to 4.28 
mW/cm2 and 6.28 mW/cm2, the presence of TiO2 at concentrations of 578 mg/m2 and 867 
mg/m2 enhanced the bacterial inactivation efficiency substantially.  At TiO2 
concentration of 289 mg/m2, the bacterial inactivation efficiency was similar to that of 
without catalyst (UV-A only), indicating the amount of photocatalyst to be limiting.  In 
order to ensure higher bacterial inactivation efficiency, higher concentrations of TiO2 was 
required.  At the TiO2 concentration of 867 mg/m2, the percentage viability loss of 
E.coli after 20 minutes of irradiation at UV-A intensities of 4.28 mW/cm2 and 6.28 
mW/cm2 were 99% and 100%, respectively.  The first order rate constants (k) for E.coli 
inactivation are shown in Table 4.3.  
 
Table 4.3 First-order inactivation rate constants k (min-1) for E. coli 
 
TiO2 concentration (mg/m2) UV Intensity 
(mW/cm2) Blank filter 289 578 867 
1.82 0.0704 0.0733 0.0803 0.0784 
4.28 0.1748 0.1796 0.2429 0.2893 
6.28 0.5765 0.6128 0.6979 0.7809 
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These results indicate that both direct UV attack and reactions with hydroxyl radicals can 
induce the inactivation of E.coli. It can also be seen that the UV intensity had a greater 
effect on killing than the amount of TiO2. A two-fold increase in intensity increases the 
killing rate by 8.2 times while for the same intensity (6.28 mW/cm2) killing rate increased 
by 1.27 times for a 3-fold increase in TiO2 concentration.  
 
Several papers have reported the values of k for the inactivation of E. coli in water.  Sato 
et al. (2003) studied photocatalytic deactivation of microbial cells on TiO2-loaded plate 
and reported k value about 0.526 min-1 while in another study, rate constant (k) for E.coli 
degradation was reported to be 0.29 min-1.(Jorge A. Ibanez et al., 2003). The rate constant 
obtained in this work is in the range of the literature value despite the differences in the 
experimental setup and conditions of UV-A intensity, TiO2 concentration and humidity.  
This enhances the confidence on accuracy of the experimental protocol.   
 
4.2.1.3 Comparing different species of bacteria 
In order to facilitate easier comparison, the first-order rate constants, k, for all three 
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Table 4.4 First-order rate constants, k (min-1) for E. coli, B. subtilis and 
Microbacterium sp. 
 
UV intensity (mW/cm2) 
Bacteria species 
TiO2 concentration 
(mg/m2) 1.82 4.28 6.28 
Blank 0.0704 0.1748 0.5765 
289 0.0733 0.1796 0.6128 
578 0.0803 0.2429 0.6979 
E. coli 
867 0.0784 0.2893 0.7809 
Blank 0.1169 0.1290 0.1965 
289 0.1314 0.1264 0.1784 
578 0.1765 0.1333 0.2443 
B. subtilis 
867 0.2427 0.2443 0.2479 
Blank 0.0382 0.1708 0.4673 
289 0.1837 0.2378 0.3863 
578 0.2184 0.2627 0.8079 
Microbacterium sp. 




The effect of UV-A intensity and TiO2 on the rate constant (k) was analyzed by the 
following plots. 
1. The effect of UV-A intensity 
The effect of UV-A intensity on the disinfection rate constant (k) at different TiO2 




















































































































































Fig.4.25 The effect of UV-A intensity on disinfection rate 
constant of three bacteria without TiO2 loading. 
Fig.4.26 The effect
constant of three ba
Fig.4.27 The effect of UV-A intensity on disinfection rate 
constant of three bacteria at TiO2 loading of 578 mg/m2. 
Fig.4.28 The effect 


















f UV-A intensity on disinfection rate 









UV-A intensity on disinfection rate 
ria at TiO2 loading of 867 mg/m2.
                                                               Results and Discussions                   
At the low UV-A intensity of 1.82 mW/cm2, it can be observed that the general 
bacterial inactivation efficiencies for the three bacteria decreased in the following 
order: Microbacterium sp.>B. subtilis >E. coli (except B. subtilis has the highest rate 
for blank filter).  This seemed to contradict the earlier statement that gram-negative 
bacteria (E. coli) is less resistant to heterogeneous photocatalytic treatment than 
Gram-positive bacteria (B. subtilis and Microbacterium sp.).  Apparently, E. coli is 
able to produce superoxide demutase (SOD) enzymes and catalase in response to 
oxidative stress (Rincon and Pulgarin, 2003).  The SOD enzyme neutralizes most of 
the OH· radicals while catalase eliminates the photogenerated hydrogen peroxide.  
Thus, at lower UV-A intensities, when the amounts of photooxidants produced are low, 
E. coli has the ability to recover by self-defense mechanisms.  As the UV-A 
intensities increased to 4.28 mW/cm2 and 6.28 mW/cm2, the bacterial activation 
efficiency of E. coli becomes progressively higher.  The bacterial inactivation 
efficiency of E. coli is generally the highest among the three bacteria at the UV-A 
intensity of 6.28 mW/cm2.  At this high UV-A intensity, because the flow of photons 
was very high, the E. coli bacterial cells did not have time to recover by self-defense 
mechanisms.   
 
At high UV-A intensities, the differences in the bacterial inactivation efficiencies of 
the three bacteria could be due to the differences in the structure of their cell walls, 
especially if it is assumed that the bacterial cell membrane is the primary target of the 
initial oxidative attack.  In Gram-negative bacteria such as E. coli, the 
phospholipids-containing outer membrane lies outside the thin and uncompact 
peptidoglycan layer (Prescott et. al., 1999).  Thus it is very susceptible to the attack 
by hydroxyl radicals.  The outer membrane is also more permeable than the plasma 
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membrane and is likely to permit the passage of the photooxidants to facilitate their 
attack on the plasma membrane.  On the other hand, for Gram-positive bacteria such 
as B. subtilis and Microbacterium sp., the plasma membrane is protected by a thick 
layer of peptidoglycan.  Thus, the attack of the hydroxyl radicals on the plasma 
membrane of Gram-positive bacteria is likely to be less effective compared to that of 
Gram-negative bacteria.  Fig. 4.29 shows the schematic diagram of the cell walls of 
Gram-positive and Gram-negative bacteria. 
 
Fig.4.29 Cell walls of Gram-positive and Gram-negative bacteria.  
(Todar’s online textbook of bacteriology) 
 
Comparing the two Gram-positive bacteria, B. subtilis and Microbacterium sp., 
generally, B. subtilis is more resistant to heterogeneous photocatalysis than 
Microbacterium sp..  B. subtilis are endospore-forming bacteria.  The endospore is 
a highly-evolved structure capable of maintaining the bacterial genome in a protected, 
viable-state for extended periods (Casillas-Martinez and Setlow, 1997).  In the 
experiment, the spores were not separated from the vegetative cells.  The spores are 
known to exhibit resistance against oxidizing agents through mechanisms yet to be 
well understood (Casillas-Martinez and Setlow, 1997).  Thus, germination of the 
undamaged B. Subtilis spores might have occurred during the incubation period.  
Because of this reason, the bacterial inactivation rate of B. subtilis is lower than that 




                                                               Results and Discussions                   
2. The effect of TiO2 loading 




































Fig.4.30 The effect of TiO2 loading on disinfection rate constant
of three bacteria at UV intensity=1.820 mW/cm2.  
 



















Fig.4.31 The effect of TiO2 loading on disinfection rate constant
of three bacteria at UV intensity=4.280 mW/cm2.  
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Fig.4.32 The effect of TiO2 loading on disinfection rate constant 
of three bacteria at UV intensity=6.280 mW/cm2. 
 
At the low UV-A intensity of 1.820 mW/cm2, it can be observed that TiO2 loading did 
not have effect on the disinfection rate on E.coli. The general bacterial inactivation 
efficiencies for the three bacteria decreased in the following order: Microbacterium 
sp., B. subtilis and E. coli. Thus, at lower UV-A intensities, when the amounts of 
photooxidants produced are low, E. coli has the ability to recover by self-defense 
mechanisms. However, at highest UV-A intensity of 6.280 mW/cm2, k of E.coli 
increased with the increased TiO2 concentration and was higher than that of 
B.substilis and Microbacterium sp.  The effect of TiO2 loading on the disinfection 
rate constant was the most for Microbacterium. sp among the three bacteria.   
 
The results also indicated that the maximum of photocatalyst loading had not yet been 
reached in the experiments where bacterial inactivation efficiency decreases with 
further increase in TiO2 concentrations due to lack of photon to activate the catalyst.   
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After photocatalytic disinfection, three bacteria were kept in the incubator for another 
10 days to investigate the occurrence of any repair systems.  However, it was 
observed that no bacteria were reactivated during this period.  This indicates that the 
bacteria were completely inactivated by heterogeneous photocatalysis and all repair 
systems were destroyed. 
 
4.2.1.4 Uncertainty analysis 
1. While, biological systems are inherently uncertain, general sources may contribute 
to the additional errors. Although efforts have been made to ensure that the UV 
intensities of UV-A lamps have reached steady-state prior to the disinfection, there 
may still be fluctuations of the UV intensities during actual experiments.  It has been 
found that over time, there is a general trend of decreasing UV intensities.  Thus, the 
consistency of the results might be affected. 
 
2. It was difficult to ensure constant initial bacteria count for all three bacteria 
although it had been kept at a minimal range of 100 – 300 CFU by ensuring that the 
growth conditions were kept constant.  Over the course of one experiment, it was 
assumed that the initial bacteria count was that same.  Thus, the results were 
normalized to the bacterial count at 0 min in order to calculate the survival percentage.  
However, this might not be the case, especially if the bacterial suspension from the 
preparation stage was not properly mixed. Because the initial bacteria count was 
different for different experiments, it was also difficult to compare the initial rates of 
bacterial inactivation for different concentrations of TiO2 in order to find an optimal 
concentration of TiO2.  The shape of the initial rate curves is dependent on the initial 
number of bacteria (Rincon and Pulgarin, 2003) 
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4.2.1.5 Conclusions 
For heterogeneous photocatalysis, the inactivation efficiencies of all three bacteria 
generally increased with increasing UV-A intensities and TiO2 concentrations.  At 
low UV-A intensities, the rate of bacterial inactivation decreased in the following 
order: Microbacterium sp.> B. subtilis > E. coli.  However, as UV-A intensities 
increased, the bacterial in, and the disinfection rate followed the order E. coli 
>Microbacterium sp.> B. subtilis.  The differences in the bacterial inactivation 
efficiencies could be attributed to the action of defense mechanisms inherent to the 
cells and the different characteristics of the cell walls.  
 
For all the experiments, the inactivated bacteria were kept in the incubator for another 
10 days to investigate the occurrence of any repair systems.  It was observed that no 
bacteria were reactivated during this period.   
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4.2.2 Continuous Reactor 
For continuous removal of bacterial aerosols from air, a continuous photoreactor was 
developed. The important parameters for continuous photoreactor include the air 
velocity, UV radiation intensity, and the surface area of the catalyst membrane. The 
effects of all of these parameters were studied in detail in this section. The TiO2 
coated membrane was changed after completion of one set of experiment. The 
membrane filter has 0.2 μm pore size and 293 mm diameter (PALL Supor ®-200). 
 
4.2.2.1 Characterization of the membrane coated with TiO2
TiO2 was coated on the membrane by using the dip-coating device mentioned in 
Chapter 3. The amount of TiO2 on the membrane was controlled by the number of 
dipping.  Due to time limitation, only two loadings of TiO2 on the membrane were 
tried. The results are shown in Table 4.5 
 
Table 4.5 Weight of membranes before and after coating TiO2.  
Sample 










4 times dipping 
2851.9 2871.8 19.9 295 
Membrane 2 
8 times dipping 
2849.7 2909.0 59.3 879 
 
4.2.2.2 UV intensity  
The mean light intensity of UV Lamp in the reactor was calculated by LSDE model. 
(Yokota and Suzuki, 1995) as: 
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I(r, z)λ = ( ){ } { }[ ])/1()(exp 12/1220 2/3222, rRxzrdzxzr rS lL −−+−×−+∫ λλ µπ    (4.4) 
The average light intensity in the reactor is derived from Eq. (4.1) as  






ππ                           (4.5) 
 
4.2.2.3 Steady state of bioaerosol flow in reactor 
Prior to the UV-disinfection experiments, it was necessary to establish adsorption 
equilibrium on the TiO2 coated membranes. Since, the sampling of bioaerosols can be 
done only in off-line basis, it is difficult to determine the time when adsorption 
equilibrium was reached. Thus, initially experiments were conducted where the 
bioaerosols were sent through the reactor (1.15 ml/min) without photodegradation. It 
can be seen from Fig. 4.37 and 4.38 that the bioaerosol concentration at the outlet of 
the reactor had reached steady-state after about 15 minutes of operation. In addition, 
although not proportional, lower bioaerosol concentration at the outlet was achieved 
for higher loading of TiO2 indicating greater adsorption. Therefore, for actual 
photodegradation experiments, the bioaerosol flow was maintained for 15-20 minutes 
before UV light was switched on.    
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Fig. 4.33 Steady state outlet concentration of three bacteria 































Fig. 4.34 Steady state outlet concentration of three bacteria 
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4.2.2.4 Disinfection kinetics 
Chick’s law and plug flow reactor have been assumed. Equations are the same as the 
ones in page 80. 
4.2.2.5 E.coli 
The survival rates for E. coli at different intensities and different loading of TiO2 are 



















































Fig. 4.36 Survival rates of E. coli in presence of UV radiation (λ = 365 nm)  






















Fig. 4.37 Survival rates of E. coli in presence of UV radiation (λ = 365 nm)  
TiO2 loading = 879 mg/m2.  
 
It can be observed that when the membrane was not coated with TiO2, the bacterial 
survival rate was quite high (Fig. 4.35). The highest survival rate was 94% at the UV 
intensity of 0.288 mW/cm2 and the residence time of 1.58 s while the lowest survival 
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rate was 20% at the UV intensity of 2.280 mW/cm2 and the residence time of 3.57 s.  
Although the membrane was not coated with TiO2, direct photolysis by UV irradiation 
causes disinfection of E.coli.  
 
From Figs. 4.36 and 4.37, it can be observed that after the membrane was coated with 
TiO2, the bacterial inactivation efficiency increased substantially at higher intensity of 
UV irradiation 1.165 mW/cm2 and 2.280 mW/cm2. At low UV intensity of 0.228 
mW/cm2, the bacterial inactivation efficiency is similar to that of the blank filter 
without TiO2. This implied that little hydroxyl radicals were produced to enhance the 
bacterial inactivation efficiency at low intensity although the membrane was coated 
with sufficient TiO2. At higher intensities, the bacterial inactivation efficiency was 
greatly enhanced compared to that at UV intensity of 0.288 mW/cm2. At the TiO2 
amount of 19.9 mg, the percentage viability loss at the residence time of 3.57 s at 
UV-A intensities of 2.280 mW/cm2 and 1.165 mW/cm2 was 100%.   
 
Table 4.6 shows the first order rate constants (k) of E. coli degradation at different 
light intensity and TiO2 loading.  These results indicate that at very high loading of 
TiO2 at 879 mg/m2, the rate declined as photons could not reach all of TiO2. It is also 
interesting to note that effect of intensity on degradation was more than that of TiO2 
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Table 4.6 First-order rate constants k (min-1) for E. coli 
 
TiO2 weight on the membrane (mg/m2) UV-A Intensity 
(mW/cm2) Blank  295 879 
0.288 0.0865 0.0728 0.0761 
1.165 0.2574 0.5391 0.4724 
2.280 0.3218 1.0041 0.9482 
 
Photodegradation of Bacillus Subtilis and Microbacterium sp. follow similar behavior 
at different UV intensity and TiO2 loading, and these results are presented in 
Appendix.   However, in order to facilitate easier comparison, the first-order rate 
constants, k, for all three bacteria are summarized in Table 4.7 
 
Table 4.7 First-order rate constants, k (min-1) for E. coli, B. subtilis and 
Microbacterium sp. 
 
UV-A intensity (mW/cm2) 
Bacteria species 
TiO2 concentration 
(mg/m2) 0.288 1.165 2.280 
Blank 0.0865 0.2574 0.3218 
295 0.0728 0.5391 1.0041 
E. coli 
879 0.0761 0.4724 0.9482 
Blank 0.0457 0.1551 0.1693 
295 0.0363 0.4468 0.7750 
B. subtilis 
879 0.0627 0.3250 0.7320 
Blank 0.0637 0.2084 0.2167 
295 0.0504 0.4789 0.9404 
Microbacterium sp. 
879 0.0819 0.4097 0.6095 
 
The above results will be discussed in detail in the following sections.  
 
4.2.2.6 Survival rate of different microbes 
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                 (c) 
Fig. 4.38 a-c Survival rate of different microbes 
a-UV-A Intensity=0.288 mW/cm2;    b-UV-A Intensity=1.165 mW/cm2; 
c-UV-A Intensity=2.28 mW/cm2
 
Survival rate of different bacteria was compared at different conditions. As expected, 
the survival rate of all three bacteria decreases with increasing residence time in the 
reactor. Generally, at all intensities, E. coli (Gram-negative) show highest degradation 
than the two Gram-positive B.substilis and Microbacterium sp.bacteria.  The effect 
of TiO2 is more for E. coli.  There was no clear trend between B.substilis and 
Microbacterium as to which degraded better at different intensities, as the degree of 
uncertainty in continuous disinfection experiments was higher than the batch 
experiments.  
 
In Gram-negative bacteria such as E. coli, the outer membrane is thin and is very 
susceptible to the attack by hydroxyl radicals. On the other hand, for Gram-positive 
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bacteria such as B. subtilis and Microbacterium sp., the plasma membrane is protected 
by a thick layer of peptidoglycan. Comparing the two Gram-positive bacteria, B. 
subtilis and Microbacterium sp. in this experiment, B. subtilis is found to be more 
resistant to heterogeneous photocatalysis than Microbacterium sp. It is probably due 
to the fact that B. subtilis are endospore-forming bacteria. 
 
4.2.2.7 Survival rate at different flow rate 
In another point of view, from the figures shown below, it can be observed that the 
survival rate increases with the increase of the bioaerosol flow rate due to lower 
residence time in the reactor. Therefore, fewer bacteria can be killed when the contact 
time is shorter.  
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                                   (c) 
Fig. 4.39a-c Survival rate of different flow rate at UV-A intensity of 2.28 mW/cm2
a-TiO2 = 0 mg/m2; b-TiO2 = 295 mg/m2; c- TiO2 = 879 mg/m2
 
These results clearly indicate that at any flow rate degradation rate followed the order: 
E. coli> and Microbacterium sp.> B. subtilis 
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   (c) 
Fig. 4.40a-c Effect of UV light intensity on rate constant of three bacteria 
a-TiO2=0 mg/m2; b-TiO2=295 mg/m2; c-TiO2=879 mg/m2
The UV intensity was varied by changing the different pore size of the mesh which 
covers the UVlamps. Both photolysis (without TiO2) and photocatalysis experiments 
were performed at three intensity levels: 0.288, 1.165, and 2.280 mW/cm2 and at three 
TiO2 amounts: 0, 295 and 879 mg/m2.   
 
From Fig. 4.40, at low UV intensity of 0.288 mW/cm2, UV photolysis probably is 
more effective than photocatalysis than at higher UV intensities. At higher intensity,  
photocatalyst was activated at a much faster rate.  
 
For the UV disinfection of E. coli, it can be observed that the k values increased with 
increasing UV-A intensity. At the UV intensity of 0.288 mW/cm2, it was noted that the 
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values of k were quite low probably because the intensity was so low to activate 
sufficient TiO2. Thus, the bacterial inactivation was mainly due to direct UV-A attack 
instead of heterogeneous photocatalysis. At TiO2 amount of 295 mg/m2, with the 
increase of the UV intensity from 0.288 to 2.280 mW/cm2, the value of k increased 
from 0.0728 to 1.0041 indicating both photolysis and photocatalysis contributing to 
the bactericidal action. B.substilis and Microbacterium sp., showed similar trend as 
that of E. coli.  These results also indicate that the effect of light intensity was more 
for E. coli. than B. substilis and Microbacterium sp. It is also noted that bacterial 
inactivation was mainly due to direct UV-A attack (photolysis) instead of 
heterogeneous photocatalysis (photocatalysis) as the effect of intensity was more than 
the TiO2 loading. This discussion is further elaborated in the following section.  
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Fig. 4.41 a-c Effect of TiO2 loading on rate constant of three bacteria 
a-UV-A intensity = 0.288 mW/cm2; b-UV-A intensity = 1.165 mW/cm2; 
c-UV-A intensity =2.28 mW/cm2 
 
From Fig. 4.41 a-c, it can be observed that the k values did not change significantly 
with increasing TiO2 at low UV-A intensity of 0.288 mW/cm2. It has been noted 
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earlier that the bacterial inactivation was mainly due to direct UV-A attack instead of 
heterogeneous photocatalysis. 
 
At higher UV-A intensities, for example, at 2.280 mW/cm2, it was observed that as the 
TiO2 amount increased from 0 to 295 mg/m2, the value of k of E. coli greatly 
increased from 0.3218 to 1.0041. Thus, with the increase of TiO2 amount on the 
membrane, the ability to disinfect E. coli directly increases, hence resulting in an 
increase in the value of k. However, when the TiO2 amount increased from 295 to 879 
mg/m2, the value of k slightly decreased from 1.0041 to 0.9482. At higher loading of 
TiO2, UV photon limits and much of the catalysts are not activated (Kim et al, 2003). 
As a result, the most effective TiO2 loading on the membrane in the present study was 
295 mg/m2. B.substilis and Microbacterium sp., showed similar trend with respect to 
TiO2 loading as that of E. coli as shown in Fig. 4.41 a-c.  
 
4.2.2.10 Comparison of batch and continuous disinfection rates 
In this work, UV-photocatalytic disinfection of three standard bacteria was conducted 
in both batch and continuous reactors.  The operating conditions were not exactly 
similar in both the reactors. However, it is worthwhile to compare the results obtained 
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 (mW/cm2) Bacteria species 
Batch Cont. 1.820 (Batch) 2.280 (Cont.) Ratio (cont./batch)
Blank Blank 0.0704 0.3218 4.57 
289 295 0.0733 1.0041 13.70 
E. coli 
867 879 0.0784 0.9482 12.09 
Blank Blank 0.1169 0.1693 1.45 
289 295 0.1314 0.7750 5.90 
B. subtilis 
867 879 0.2427 0.7320 3.02 
Blank Blank 0.0382 0.2167 5.67 
289 295 0.1837 0.9404 5.12 
Microbacterium sp. 
867 879 0.2223 0.6095 2.74 
 
It can be observed from Table 4.8, that at similar UV-A intensity and TiO2 loading, 
disinfection rate constant from continuous reactor is always higher than that of batch 
reactor. For zero TiO2 loading, the difference between continuous and batch reactor is 
consistently smaller for all three bacteria (smaller ratio in Table 4.8).  The maximum 
difference in batch and continuous rates occurs for E. coli.  The reasons for this 
difference in rates are probably due to difference in light intensity and degree of 
photon availability to the microorganisms and TiO2. For batch reactor, reported UV-A 
intensity is directly measured by a radio meter at the surface of the UV light which 
radiated the bacteria samples from a distance of 1.875cm. While for continuous 
reactor, reported UV-A intensity is calculated using DLSE model as mentioned earlier. 
The average intensity in continuous reactor was higher than the surface intensity used 
in batch reactor.  The intensity at the centre of the continuous reactor is much higher 
than that of batch reactor, and bacteria can undergo direct UV-A light degradation in 
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combination with photocatalytic degradation.  On the other hand, photocatalytic 
degradation is the major pathway for bacterial degradation in batch reactor as most of 
the bacteria are immobilized on the TiO2 coated membrane and may be blocked from 
UV-A light in batch reactor. It was seen earlier in the experiments that dependence of 
E. coli disinfection rate was higher than B. subtilis and Microbacterium sp. That is 
probably the reason for the maximum difference in rates for E. coli.  It is also 
possible that some bacterial aerosol deposits in the continuous reactor which may 
enhance the degradation rate artificially, and need to be evaluated carefully in future 
experiments. Nonetheless, the disinfection kinetics followed the same order E.coli > 
Microbacterium sp. > B.substilis. irrespective of type of reactors.   
 
4.2.2.11 Uncertainty analysis 
1. Biological systems are inherently uncertain.  It was hard to ensure constant 
initial bacteria count for all three bacteria although it had been kept at a 
minimal range of 100 – 300 CFU by ensuring that the growth conditions were 
kept constant. Thus, the results were normalized to the initial bacterial count in 
order to calculate the survival percentage. In order to improve accuracy of 
sampling, 10 sampling have been done at five different flow rates and each 
point is average of 2 samples. 
 
2. It was very important to ensure the reactor and sample the collector was leak 
proof.  In continuous experiments, single stage viable impactor was selected. 
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Since the sampling duration was short and the impactor was needed to open 
quite often, subsequently error can be introduced.  
 
4.2.2.12 Conclusions  
Through a series of experiments, it was determined that titanium dioxide in the 
presence of UV radiation enhanced the inactivation rate of the three test bacteria.  In 
continuous reactor, higher air velocities retarded the destruction rate due to the lower 
retention time in the reactor. The experiments showed that at low UV intensities, most 
of the inactivation was due to photolytic degradation of bacteria. However, the 
photons were not able to completely inactivate the microorganism. Inactivation of the 
bacteria was consistently greater with the increase of the UV intensity at lower 
loading of TiO2. However, with the higher loading of TiO2 the degradation rate 
decreased slightly due to lack of photon.  This behavior is consistent with the 
photocatalytic degradation of organic compounds. At all conditions, the order of 
inactivation within the experimental accuracy follows the order: E.coli>B.substilis> 
Macrobacterium sp.  
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CHAPTER 5  
CONCLUSIONS AND RECOMMENDATIONS 
 
In this work, sampling of indoor and outdoor bioaerosol in ambient air was conducted 
under different conditions.  In addition, both batch and continuous disinfection of 
three standard bacteria were conducted under different UV intensity and catalyst 
loading. The effect of air flow rate on continuous disinfection was also tested. 
Following conclusions were drawn from the study.  
 
5.1 Conclusions 
5.1.1 Air sampling 
z The average bioaerosol concentration during office hours inside two offices at 
NUS was found to be less than 1000 CFU/m3, which was considered to be lower 
than the recommended guideline (Anthony et al., 2001).  
z The trend of the bioaerosol concentration in outdoor was reasonable with the 
change of meteorological parameters such as solar radiation (temperature) and 
humidity. For example, microbial count decreased with the increase in solar 
radiation and increased with increasing humidity.  
z In indoor air, the experimental results have revealed that an office environment 
with HVAC system would become an excellent microbial incubator. Higher 
concentrations of bioaerosol were observed during the HVAC system startup in 
the morning. Bacterial count in indoor aerosol was higher than the fungal count, 
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whereas outdoor bioaerosol is predominantly of fungal nature. 
5.1.2 UV disinfection 
5.1.2.1 Batch reactor 
For heterogeneous photocatalysis, the inactivation efficiencies of all three bacteria 
generally increased with increasing UV-A intensities and TiO2 concentrations.   
Typically, bacterial inactivation followed the order: E. coli> Microbacterium sp > B. 
subtilis. However, at low UV-A intensity, E. coli showed greater resistance to 
degradation as compared to other two bacteria.  
 
5.1.2.2 Continuous reactor 
Through a series of experiments, it was determined that titanium dioxide in the 
presence of UV radiation enhanced the inactivation rate of the microorganisms under 
certain conditions. In these experiments the amount of TiO2 and UV intensity were 
varied. 
z Higher velocities retarded the destruction rate due to the lower retention time in 
the reactor.  
z At low UV intensities, most of the inactivation was due to the UV photons, 
although complete inactivation would take long irradiation time. It is interesting 
to note that considerable inactivation was possible using UV wavelength of 365 
nm.   
z Inactivation of the bacteria was consistently greater with the increase of the UV 
intensity at certain loading of TiO2, although at very high loading, rate of 
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inactivation decreased.   
This study showed that TiO2 increases disinfection rates of all three bacteria, but the 
effect of UV intensity is more pronounced than the effect of TiO2 loading.  This 
study was to establish a successful experimental protocol for photocatalytic 
disinfection of indoor bioaerosol. The disinfection kinetics of three standard bacteria  
obtained in batch and continuous reactors were comparable. These results provide a 
sound basis for scale-up of continuous disinfection reactors.  Photocatalytic 
oxidation is an attractive solution because this process destroys not only the 




This research has shown that it is feasible to disinfect bacteria by photocatalysis. The 
process is easier to operate and there are no hazards associated with it.  This study 
also has established a successful experimental protocol for scaling up to be used in 
continuous disinfection. The following recommendations for future work are 
proposed: 
• After the identification of bacteria in indoor air, the photocatalytic degradation 
of indoor bacteria should be studied. 
• From the results of batch experiments, it was observed that bacteria could be 
killed in 20 min at UV-A intensity of 6.28 mW/cm2 and TiO2 loading of 867 
mg/m2. It is recommended to study disinfection at higher intensity. The 
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Spectrum processing :  10 mg/L TiO2
Peaks possibly omitted : 1.600, 2.071, 
2.350, 8.039, 8.631, 9.442 keV 
 
Processing option : All elements analyzed 
(Normalised) 
Number of iterations = 3 
 
Standard : 
C    CaCO3   1-Jun-1999 12:00 AM 
O    SiO2     1-Jun-1999 12:00 AM 
Ti    Ti       1-Jun-1999 12:00 AM 
 
Element Weight% Atomic% 
        
C K 62.53 71.56 
O K 30.90 26.55 
Ti K 6.56 1.88 
   
















































Spectrum processing : 20 mg/L TiO2
Peaks possibly omitted : 1.599, 2.071, 
2.340, 8.033, 8.610, 9.438, 11.140 keV 
 
Processing option : All elements analyzed 
(Normalised) 
Number of iterations = 4 
 
Standard : 
C    CaCO3   1-Jun-1999 12:00 AM 
O    SiO2     1-Jun-1999 12:00 AM 
Ti    Ti       1-Jun-1999 12:00 AM 
 
Element Weight% Atomic% 
        
C K 31.50 45.22 
O K 41.98 45.24 
Ti K 26.52 9.54 
   


















































Spectrum processing : 30 mg/L TiO2
Peaks possibly omitted : 1.609, 2.070,  
2.340, 8.049, 9.429 keV 
 
Processing option : All elements analyzed
(Normalised) 
Number of iterations = 4 
 
Standard : 
C    CaCO3   1-Jun-1999 12:00 AM 
O    SiO2     1-Jun-1999 12:00 AM 
Ti    Ti       1-Jun-1999 12:00 AM 
 
Element Weight% Atomic% 
        
C K 11.67 20.03 
O K 48.93 63.02 
Ti K 39.39 16.95 
   





















Details of bioaerosol nebulizing generator 
1. Instructions for the BANG (Bioaerosol Nebulizing Generator) flow control and 
refill system 
The purpose of the flow control meter and refill system is to add fluid to the BANG 
without interrupting the production of aerosol. This system is used when the BANG 
runs out of sample fluid before the end of the designated exposure time. The BANG is 
normally a closed recirculating or single pass system for aerosol production and does 
not usually require refilling during experimental procedures. The flowmeter can also 
be used as an additional means of regulating the flow control system of the BANG. 
The Diagram shows the parts of the system and the directions of fluid flow when 
viewed externally. The yellow box containing the flowmeter is enlarged in the 
following photo and described further. 
This flowmeter is usually used for recirculation rates of 10 to 50 ml/min of water, but 
other rates such as 50 to 200 ml/min water may be used. The photo shows the back of 
the flowmeter with a stainless steel connector (compression fitting) at the top flow 
port (1) and a stainless steel T connector at the bottom port (2). The T connector (2) is 
further attached to both a compression fitting at (3) and the addition point for more 
sample (4). Arrows in the photo indicate the directions of fluid flow. Fluid recirculates 
by entering (4) and leaving (1) with the BANG in the center of this circuit. Additional 
fluid is added as needed by a syringe or syringe pump at point (3). A standard luer 
syringe fitting can be used to add fluid. Finally compression-fitting adapters are 
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attached to the free ends of the tubing from points (1) and (3). These adapters are 
connected to the BANG as detailed next. Connect the adaptors first, and then add 
tubing to make a leak-proof seal. Confirm that the seal is leak proof. 
Please note that when finished with use of the flow controlling unit it should be rinsed 
with deionized water or another appropriate (plastic safe) solvent dependent upon the 
sample solution so that it will work properly the next time it is required. 
 
2. Connecting the Flowmeter and Refill system to the BANG: 
The Diagram below is a schematic of the refill system and BANG.. First existing hose 
barb connectors must be removed from the BANG using an adjustable wrench. These 
are the usual connectors that are supplied or connected to tubing or hose for fluid 
recirculation in the closed system. The flowmeter system and tubing are now attached 
together at Points A and B in the Diagram. Thus the fluid from the top of the 
flowmeter enters into the top of the BANG at Point A and the fluid from the BANG 
leaves at Point B returning to the bottom of the flowmeter. 
Compression fittings attached to the free ends of the tubing from the BANG 
(described previously) make the above described connections secure. Finally the 
tubing connected at Point C in the Diagram or 4 in the photo is connected to the 
external fluid reservoir whether it is a syringe or syringe pump. A connector has been 




Please note that when attaching the flowmeter assembly to the BANG it is important 
not to overtighten the connections to the BANG. In addition, the flowmeter must be 
kept in a vertical position. As the BANG operates, fluid may be added as required as 
described earlier. Flow may be further regulated by use of the valve at the front of the 
flowmeter. It is also very important to start with the valves fully open. 
 



























Survival rates for B.substilis at different intensities and different loading of TiO2 are 














































Fig. 4.45 Survival rates of B.substilis in presence of UV radiation (λ=365 nm) 


























Fig. 4.46 Survival rates of B.substilis in presence of UV radiation (λ=365 nm) 
TiO2 loading =879 mg/m2
 
 
Table 4.9 First-order rate constants k (min-1) for B.substilis 
TiO2 weight on the membrane (mg/m2) UV Intensity 
(mW/cm2) Blank  295 879 
0.288 0.0457 0.0363 0.0627 
1.165 0.1551 0.4468 0.3250 






















Survival rates for Microbacterium sp. at different intensities and different loading of 






















Fig. 4.47 Survival rates of Microbacterium sp. in presence of UV radiation 

























Fig. 4.48 Survival rates of Microbacterium sp. in presence of UV radiation 























Fig. 4.49 Survival rates of Microbacterium sp. in presence of UV radiation 
(λ=365 nm) TiO2 loading = 879 mg/m2
 
          Table 4.10 First-order rate constants k (min-1) for Macrobacterium sp. 
TiO2 weight on the membrane (mg/m2) UV Intensity 
(mW/cm2) Blank  295 879 
0.288 0.0637 0.0504 0.0819 
1.165 0.2084 0.4789 0.4097 
2.280 0.2167 0.9404 0.6095 
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